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The present work introduces a new method that is used to explore the connection
between molecular order and molecular dynamics in liquid crystals. In liquid
crystals, the building blocks show a liquid like disorder in at least one dimension of
space with an otherwise crystalline like positional or orientational long range order.
A new microscope is introduced that combines polarization measurements with
the ability to track single fluorescent probe molecules in a thin sample of ordered
liquid crystal. A new method for the analysis of orientation dependent diffusion is
also introduced. It can be used to spatially resolve the anisotropic diffusion of the
probe molecules. With this setup, molecular structure and molecular dynamics can
be directly compared on a µm scale.
Three different kinds of liquid crystal samples are analyzed with the new exper-
imental method. First, twisted nematic liquid crystal cells are used to verify a
proposed model for the connection between molecular structure and the dynamics
in twisted nematic cells. Second, the liquid crystal structure and probe mobility
are analyzed in homogeneous samples in a temperature regulated environment.
The third experiment focuses on the combination of both of these scenarios.
Different domains in a heterogeneous section of a sample are analyzed with different
methodical approaches at various temperatures.
The results display the close connection between molecular order and molecular
dynamics in the samples. It is also found that the probe molecules introduce local
distortions in the director field of the host material. Despite this realization, only
the absolute value of the probes mobility seems to be effected. The anisotropy of
the translational diffusion of the probe molecules resembles the results found in the
literature on the self-diffusion of the liquid crystal molecules. The anisotropy also
follows the same temperature dependence as the order of the host molecules. Using
these results and the new method of analyzing single molecule tracking data, it is
shown that the structure of a heterogeneous sample can be spatially resolved, only
by means of single probe molecule tracking.
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δ angular position of the transmission axis of the polarizer
D diffusion coefficient
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D displacement vector
E electric field
Fthermal random thermal force
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e unit vector
0 permittivity of vacuum
 dielectric tensor of the material
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σ mobility
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Chapter 1
Introduction
Liquid crystals are molecular structures that exhibit an intermediate state of mat-
ter between the long range order of a crystal and the short range order of isotropic
liquids. Liquid crystal building blocks obey a distinct orientational order in an other-
wise flowing spatial arrangement. While the material shows a high fluidity, the long
range order of its building blocks causes anisotropic optical, magnetic and electric
properties. Those properties can be altered by external electric fields, tempera-
ture, the pH value of the material or by concentration gradients [1]. This unique
combination of structural and dynamical properties is the foundation for the nu-
merous applications of liquid crystals in industry and scientific research. The most
prominent applications may be the liquid crystal display and the liquid crystal ther-
mometer. Other examples are optical switches, tunable optical filters, or variable
photonic structures such as lenses or waveguides [2–5].
It is essential for most of the liquid crystal applications to precisely generate the
long range order of the material. In this context, surface effects are an important
aspect for the establishment of order into liquid crystalline systems.
The aim of this thesis is to compare the structure and the dynamics of surface
aligned liquid crystal samples on a molecular level, utilizing a combination of single
probe molecule tracking techniques with an optical determination of the molecular
order through polarization contrast measurements.
Since the first liquid crystal display was built in 1968 by Heilmeier, Zanoni and Bar-
ton [6, 7], the commercial importance of liquid crystals gave rise to extensive theo-
retical and experimental studies. Experimental studies on the dynamical properties
for example have been focused on the self-diffusion of the LC-molecules in macro-
scopic systems. Several NMR studies on this topic can be found in the literature
where the anisotropy of mobility is determined in a wide temperature range [8–10].
More techniques used in nematics include single molecule fluorescence autocorrela-
tion measurements (FCS) [11] and the Fluorescence Recovery After Photobleaching
(FRAP) technique on thin free-standing films of LC’s [12]. There are also results
on the time dependent concentration spreading of dye particles [13] and Forced
Rayleigh Scattering (FRS) [14–19].
These methods observe the averaged properties over large areas, they measure over
long periods of time or at a high number of particles at once. The experimental
1
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results, as well as theoretical approaches are also still inconsistent and need further
research. For example in the work of Lettinga et al., a variation in the LC’s behav-
ior is found between different areas of their sample [20]. The conclusion is drawn
that the largest source of error in most measurements are undetected defects in the
microstructure of the liquid crystal molecules.
Single liquid crystal components also can be labeled and used to explore the dy-
namical behavior, but so far this is only applied to macroscopic LC systems [20,21].
Recently also single macroscopic probe particles are used to determine viscosity
properties in cells of molecular liquid crystals. For example, the drag force on
spherical colloidal particles in liquid crystals has been studied experimentally. They
were immersed in a nematic phase [22,23]. In these experiments, the hydrodynamic
properties at the surface of the suspended particles alter the local molecular order
around them. The chemical properties of the surfaces therefore are of critical im-
portance to the obtained results [24–29]. In addition to a displacement of original
director lines, strong director distortions close to the particle constantly change the
local orientation of the liquid crystal molecules due to anchoring at the surface of the
particle. This adds a term for rotational viscosity to the overall viscous drag force
as compared to a surrounding with constant uniform director orientation [30–34].
Interesting effects are still discovered, the diffusion of colloids for example is recently
found to be anomalous on short time scales due to the molecular order in a liquid
crystal [35].
Therefore, the next step in the recent development is to decrease the size of the
probe, remove any external forces and include feedback on the microscopic struc-
ture of the LC molecules in the discussion of results.
That feedback can be realized with the help of polarization contrast microscopy.
This is an established method for the determination of liquid crystal structures. In
the present work, it is added to the functions of a customary developed wide-field
microscope for single molecule detection. Samples are only up to 2µm thick and LC
alignment is introduced by the samples surfaces.
Within the above mentioned context of recent developments and techniques, the
presented work is the first to correlate structural and dynamical properties with a
sub - µm resolution. Homogeneously aligned liquid crystals can not only be ob-
served in a field free environment. Defect structures and domain boundaries can
also be recognized. Optical and structural properties can be directly compared with
measurements of single molecular mobility. This unique technique allows the ex-
ploitation of defects and domain boundaries and can help to understand the aligning
mechanisms of LC molecules, that are, to date, not fully understood [36].
3Outline of the Thesis
Chapter 2 treats the theoretical background for the thesis. The properties of
liquid crystals in general are addressed. The basic diffusion equations are derived
as well as specific cases for the diffusion in liquid crystal samples. The principles of
polarization contrast measurements and single molecule tracking are explained.
Chapter 3 presents and discusses the experimental details. The process of the
sample preparation is explained. The materials are introduced and the setup is de-
scribed. After the details of the experimental procedure and data analysis are given,
simulations of single molecule data are introduced. The results of the simulations
include informations about the expected errors in the analysis of the probe diffusion.
Chapter 4 contains the experimental results and their discussion in three indepen-
dent sections.
First homogeneous liquid crystal cells are examined at room temperature. Their
structures are changed by applying a twist angle between the cell walls. Single
molecule tracking and polarization contrast measurements in these samples are
compared.
The second part addresses homogeneous samples without any twist angle. The
influence of temperature on the mobility of tracer molecules is analyzed.
In the third section, a heterogeneous nematic sample with different domains is
analyzed via Polarization Contrast measurements and Single Molecule Tracking.
The temperature dependence of several structural and dynamical parameters is
compared between the different domains while the whole system is heated.
Chapter 5 summarizes the experimental results.
Chapter 6 gives an outlook towards the possibilities of the presented combination of
single molecule tracking and polarization contrast measurements. Future advances
for the method are proposed.
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Chapter 2
Theory
2.1 Liquid Crystals
The first discovery of liquid crystalline behavior has been made by Friedrich
Reinitzer in 1888. He found that his sample of a cholesterol derivate seemed to
have two melting points. One at 420.65K, where the crystalline material melted
to a cloudy, viscous liquid and another melting point at 453.65K where the milky
liquid changed to a clear phase. Together with Otto Lehmann, he realized that he
had found a new state of matter. The newly found materials showed properties
between that of a solid crystal and that of a flowing liquid and were consistently
categorized as liquid crystals. Liquid crystal phases have later been found in a
lot of materials and their unique optical and mechanical properties led to several
important technological contributions. The liquid crystal display and the liquid
crystal thermometer are the most popular examples. An extensive list of liquid
crystal applications in photonic devices, besides the display technology, can be
found in [5]. The following section introduces the unique properties that led to the
wide spread use of liquid crystalline materials.
2.1.1 Structural Properties
Liquid crystals form a mesophase between two states of matter, that of a liquid and
that of a crystal. A liquid crystalline state inherits properties of both. On the one
hand, the fundamental building blocks in a crystal take distinguished positions and
orientations within a rigid environment. The environment is periodical, in the sense
that in an ideal crystal the lattice is the same around every unit cell. On the other
hand are the liquid-like dynamical properties. In an isotropic, unconfined liquid, the
centers of mass are free to move, no positional or orientational order is found and
the mobility in each direction of space is equivalent.
A liquid crystal is defined to show a liquid like positional disorder at least in one
dimension of space but with a discrete degree of anisotropy still present [37]. There
are different ways to accomplish such mesophases. Three types of Liquid crystalline
structures are known, they either show no positional order or order in only one or
5
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two dimensions rather than in three [37].
Figure 2.1 shows sketched illustrations of different phases of liquid crystals. For
example, if the positions of the building blocks of the material show no long range
order in any direction, the material forms a nematic phase. The particles need
to be aspherical, in the simplest cases elliptical, rod like, oblate or discoidal. In
molecular liquid crystals, the molecular structure can also be simplified to one of
these shapes. The necessary degree of anisotropy then is found in the orientation
of the building blocks. A symmetry axis can be defined through the center of each
particle and along the axis of rotational symmetry as sketched in Figure 2.2. This
makes it possible to define a discrete tilt angle for each molecule. While this is not
exclusive for liquid crystals, the introduction of a molecular orientation is necessary
to describe the unique structure and dynamic of this class of materials. In the
nematic phase, molecules are isotropically dispersed but oriented along a preferred
direction. This macroscopically defined direction is the average orientation over all
molecules, it is called the director S. Microscopically, each molecule will not align
exactly parallel to the director, but is instead subject to orientational fluctuations.
The rotational motion can be described with a ”wobble in a cone” model [38, 39].
The molecules possess a limited rotational freedom, defined by an angle dependent
potential [38–41]. At a given time each molecule is orientated at an angle Θ with
respect to a chosen coordinate frame with the main axis usually chosen to point
along the director. Averaging over all orientations Θ, a molecular order parameter
S is defined as:
S =
〈
3 cos2 Θ− 1
2
〉
(2.1)
The molecular order parameter S describes the quality of the orientational align-
ment in a liquid crystal. The parameter can obtain values from -1/2 up to 1. An
order parameter of S=1 refers to perfect alignment of all molecules parallel to the
director. If all molecules are oriented perpendicular to the z-axis, the parameter
reaches its lower bound S = −1/2. The order parameter of isotropic materials with
homogeneously spread orientations is S = 0.
The nematic phase is characterized by the lack of long range order in the positions
of its fundamental building blocks. The only form of order in this phase is the ten-
dency of the molecules to align along a common axis. If the molecules are uniaxial,
that means with only one axis of symmetry, the material is optically uniaxial on a
macroscopic scale, with the optical axis oriented along the director. Consistently,
the molecular diffusion along and perpendicular to the director is also found to ex-
hibit different values [42–47]. A sketch of a nematic phase build by rodlike and
discoidal particles is found in Figure 2.1.
A second type of liquid crystalline mesophase is generated by introducing a one
dimensional positional order into the nematic system. The material is then in a
smectic state. It can be viewed as layers of liquid, stacked onto each other with
a defined spacing between them. This model of stratification was first introduced
in 1971 by McMillan [48]. Within each layer, the molecules show no long range
positional order and can translate freely. The molecules show a behavior similar
to the nematic phase in terms of their rotational diffusion. The dielectric building
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nematic
discoid nematic
smectic A smectic C
chiral
Figure 2.1: Examples of liquid crystal mesophases as described in the text. The
orientation of the director S is indicated by arrows.
blocks still tend to align along a common direction and they still undergo orienta-
tional fluctuations within an angle dependent potential. Several different smectic
classes can be distinguished. If the director is perpendicular to the layers, the phase
is smectic A and the whole system is rotationally symmetric around the director.
Smectic A phases are also optically uniaxial, given that the molecules are uniaxial
as well. If the director is tilted against the layer normal, the phase is called smectic
C. Smectic C phases are optically biaxial, despite their uniaxial building blocks [37].
More details of the optical properties of liquid crystals will be given in Section 2.1.2.
There is also a smectic B phase, where the layers additionally are made up of a
hexagonal crystalline order.
The third known type of liquid crystalline structures are chiral phases, also called
cholesteric. These can be pictured as a nematic phase that is twisted around an
axis perpendicular to its director orientation. Parallel planes arise, each containing
a layer of uniformly oriented building blocks. The director of adjacent layers rotates
about a fixed angle, resulting in a constant distance in witch it rotates 360o, called
the pitch. A nematic is then just a cholesteric with infinite pitch. This phase is
often formed by discoidal molecules.
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D
Figure 2.2: Illustration of the ”wobble in a cone”, each molecule in a liquid crystal
has a distinct rotational freedom, defined by an angle dependent potential.
2.1.2 Optical Properties
Due to the anisotropic orientation of the dielectric building blocks in liquid crystals,
the material itself is optically anisotropic. That means that the displacement vector
D and the electric field E are in general no longer parallel to each other and the
scalar dielectric permeability becomes the dielectric tensor .
D = 0E (2.2)
Here, 0 is the vacuum permittivity. If the medium is isotropic,  reduces to a scalar.
It is possible to find a suitable coordinate system where the off-axis elements of the
dielectric tensor become zero.
 =
1 0 00 2 0
0 0 3
 (2.3)
With 1,2,3, the relative principle dielectric constants. The principle refractive indices
are defined as [49]:
n1 =
(
1
0
)1/2
, n2 =
(
2
0
)1/2
, n3 =
(
3
0
)1/2
(2.4)
The index ellipsoid, or optical indicatrix represents the optical properties of the
material. Using the principal axis of the liquid crystal as the coordinate system, it
is described by [49].
x2
n21
+
y2
n22
+
z2
n23
= 1 (2.5)
A sketch of the index ellipsoid can be found in Figure 2.3. For uniaxial liquid
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x
y
z
n3
n2
n1
e
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Index Ellipsoid
Index
Ellipse
Figure 2.3: Visualization of an index ellipsoid with principal axis x,y and z with
the corresponding principal refractive indices n1, n2, and n3. For an optically uni-
axial medium the ellipsoid is rotationally symmetric around the z-axis axis and for
optically isotropic media it resembles a sphere.
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crystals is n1 =n2 =no and n3 =ne where the indices o and e stand for ordinary and
extraordinary refractive index. The material is positively uniaxial when ne>no and
negative uniaxial when ne <no. If all three indices are equal, the material is optically
isotropic. If all three indices have different values, the material is called optically
biaxial.
Consider a linearly polarized plane wave that propagates along one of the principal
axis, for example the z-axis, with its polarization in the x direction. The electric field
then has only one component, E1, in x direction. In this case D is D1 = 1E1 and
the wave travels at a velocity of c0/n1, where c0 is the velocity of light in vacuum.
If the polarization is along the y direction, the waves velocity would be c0/n2.
If the polarization is along an arbitrary direction in the x-y plane, while the wave
propagates along the z direction, it can be viewed as composed of two normal modes.
In this case these are two linearly polarized waves with their polarizations along the
x and the y direction. Since the refractive index is different for each mode, the
optical distance traveled by each component will be different. The modes travel
at c0/n1 and c0/n2 and therefore undergo different phase shifts while traveling the
same distance d.
If a plane wave propagates along an arbitrary direction, described by the unit vector
e, it can be shown that the normal modes of the wave can be determined by the index
ellipsoid [49]. Drawing a plane through the center of the index ellipsoid, normal to
the unit vector e creates an ellipse at the intersection of the plane with the index
ellipsoid. This ellipse is named the index ellipse. The displacement vectors of the
normal modes, Da and Db then point along the major and the minor axis of the
ellipse. The refractive indices of the normal modes na and nb are determined as the
half length of the major and the minor axis of the index ellipse.
In the case of uniaxial media, the index ellipsoid is rotational symmetric around
the z-axis. For waves traveling with an angle γ towards the optical axis, the index
ellipses major and minor axis have half length no and n(γ),with
1
n2(γ)
=
cos2 γ
n20
+
sin2 γ
n2e
(2.6)
The two normal modes of the wave therefore have the refractive indices na = no, and
nb =n(γ). The phase difference between the two beams, the optical retardation β,
depends on the optical anisotropy ∆n=nb - na, the thickness d of the medium and
the wavelength λ of the incident polarized light.
β =
pi∆nd
λ
(2.7)
In the last two cases, the material acts as a wave retarder. In general, when the two
beams combine they form an elliptically polarized state after passing the medium.
The ability of a liquid crystal cell to change the polarization state of light is not only
an important property for photonics applications, but it also can be used to analyze
the structure of the liquid crystal. A way to accomplish this is with polarization
contrast measurements.
Polarization contrast imaging is a technique used to analyze materials with
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Polarizer AnalyzerSample CellLight
Figure 2.4: Principle sketch of a polarization contrast setup. The transmitted
intensity depends on the cell thickness d, the orientation ΨD of the director at the
input face of the cell and the angular positions δ and α of polarizer and analyzer
with respect to the laboratory frame.
anisotropic optical properties. In a usual wide-field illumination technique, an inten-
sity contrast in the image is the result of a change of either the extinction coefficient
or the thickness between different regions of a sample. The loss of intensity in the
transmission is caused by absorption and scattering. Where the extinction coeffi-
cient is higher, the result is a dark area, brighter regions then indicate lower optical
density of the material, where the absorption is weaker. In a polarization contrast
microscope, an intensity contrast arises from the ability of the sample to alter the
polarization state of light. It is a transmission technique and it is common that
the initial polarization state of the light is introduced through a linear polarizer.
Another polarization filter, the analyzer, is then placed in front of the detector. The
principle setup of a polarization contrast microscope is illustrated in Figure 2.4.
When the sample changes the initial state of polarization, the transmitted intensity
will not only depend on the orientation of the transmission axis of the analyzer, but
on the optical properties of the sample material itself. Recording the transmitted
intensity through the polarizers and liquid crystal cell at varying polarizer angles
allows for the determination of the director orientation in the sample as well as other
parameters from the sample cell.
The parameters of a liquid crystal cell are illustrated in Figure 2.5. The molecular
alignment is assumed to be parallel to the confining walls and perpendicular to the
incoming light. In a cell of thickness d, the initial director orientation can change
within the cell gap if a twist is introduced. The twist angle φ is measured between
ΨD and the director orientation at the other end of the cell gap. The used light is
monochromatic with the wavelength λ. The initial linear polarization is introduced
by the first polarizer with its transmission axis oriented at an angle δ.
As described earlier, the incoming electric field can be viewed as a composition of
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Figure 2.5: Sketch of the parameters in a liquid crystal cell of thickness d. The
incoming polarized light is monochromatic with a wavelength λ. The director of
liquid crystal molecules at the input face of the cell is oriented at an angle ΨD
against the x- axis of the laboratory frame. The twist angle φ describes the rotation
of the initial director through the sample.
two orthogonal modes and can be written in vectorial form.
E =
(
Ex
Ey
)
=
(
E0xe
iφx
E0ye
iφx
)
ei(kz−ωt) = E˜0ei(kz−ωt) (2.8)
The vector E˜0 is called the Jones vector and contains full information about the
polarization of the wave in the form of amplitude and phase difference, while omit-
ting the oscillation of the field. The initial wave is linearly polarized, so that the
phase difference (φy − φx) between both modes is either zero or pi. The same can
be accomplished if one of the components vanishes, for example with E0x = 0 [49].
In the present case, the initial wave, linearly polarized along δ, can be represented
by the Jones vector E˜in. The Jones vector is normalized to an intensity of |E˜in|2 =1.
E˜in =
(
cos δ
sin δ
)
(2.9)
In a linear optical system, where the principle of superposition of optical fields can
be applied, the effect of a medium on the polarization of a wave can be described
by the Jones matrix [49]. A linear polarizer with its polarization axis set along the
x axis for example can be represented by the Jones matrix T.
T =
(
1 0
0 0
)
(2.10)
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The transmission axis of the analyzer in Figure 2.4 is set at an arbitrary angle α.
With the rotation matrix in two dimensions,
R(·) =
(
cos(·) sin(·)
− sin(·) cos(·)
)
(2.11)
the Jones matrix of the rotated analyzer is [49]:
A = R(−α)AR(α) =
(
cos2(α) cos(α) sin(α)
cos(α) sin(α) sin2(α)
)
(2.12)
The Jones matrix of a twisted liquid crystal cell, as shown in Figure 2.5 can be
described by:
M(β, φ) =
(
cos(ζ)− iβ
ζ
sin(ζ) φ
ζ
sin(ζ)
−φ
ζ
sin(ζ) cos(ζ) + iβ
ζ
sin(ζ)
)
(2.13)
In this formula, ζ is an abbreviation for ζ =
√
φ2 + β2 and β = pi∆nd
λ
is the phase
retardation for a material with the birefringence ∆n. The detected normalized
transmission after the analyzer then calculates as [50–52]:
T =
∣∣∣E˜out∣∣∣2 = ∣∣∣AR(−ΨD)M(β, φ)R(ΨD)E˜in∣∣∣2
= [cos(ζ) cos(δ − α + φ)
+φ/ζ sin(ζ) sin(δ − α + φ)]2 + [β/ζ sin(ζ) cos(δ + α− φ− 2ΨD)]2
(2.14)
In the two special cases where polarizer and analyzer are oriented either perpendic-
ular or parallel to each other, Equation 2.14 simplifies to
Tpar = T (α = δ)
= [cos(ζ) cos(φ) + φ/ζ sin(ζ) sin(φ)]2 + [β/ζ sin(ζ) cos(2δ − φ− 2ΨD)]2
Tperp = T (α = δ + pi/2)
= [cos(ζ) sin(φ)− φ/ζ sin(ζ) cos(φ)]2 + [β/ζ sin(ζ) sin(2δ − φ− 2ΨD)]2
(2.15)
Capturing both intensities in a sufficient range of α provides the three parameters
ΨD, β and φ by fitting the theoretical curves to the experimental data.
It shall be mentioned here that there are several more options of measuring the op-
tical parameters of a liquid crystal cell, for example the three intensity measurement
method by Chao et al. [53, 54], or by measuring the Stokes parameters of a cell as
proposed by Kwok and Tang [55]. Those methods have been disregarded for this
thesis. Chao et al. on the one hand utilized only three different measurements of the
normalized transmission to obtain the important parameters via an analytical calcu-
lation. This makes the method very sensible to experimental errors. The method by
Kwok and Tang on the other hand is based on an iterative search for a characteristic
angle and a characteristic phase for each set of structural parameters. It is therefore
not practicable in an experiment to obtain information on heterogeneous samples
where the structure spatially changes.
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2.1.3 Liquid Crystal Alignment
The first Liquid Crystal Display (LCD) was build in 1968 by Heilmeier, Zanoni and
Barton [6, 7]. It worked with dynamic light scattering and there was no need to
use polarizers, the material was electrically switched between a transparent and a
scattering state. Later, in 1969, the first twisted nematic LCD was introduced by
Fergason. In a twisted nematic cell the surfaces introduce an initial uniaxial align-
ment of the LC-molecules with a twist of this orientation between the cell walls.
The uniaxial orientation was obtained by rubbing the surface electrodes with cotton
swab. The cell was placed between polarizers and electrically switched between a
transmitting state and one where the polarizers hindered the transmission. The
quality of liquid crystal cells was later increased by applying a polymer coating on
the surface electrodes. Different other methods have been used so far to align liquid
crystal molecules. An extensive review on recent methods and theoretical findings
in the field of molecular alignment of liquid crystals can be found in [36].
Despite the variety of different methods, rubbing of thin polymer layers is the com-
monly used procedure for the production of LCD’s. The procedure not only intro-
duces micrometer sized grooves in the polymer layer, the polymer chains are also
stretched along the rubbing direction [56–60]. See the sketch in Figure 2.6 for an
illustration.
The uniaxial alignment of LC molecules on rubbed polymer surfaces is the result of
three individual effects. For one, the unidirectional rubbing introduces micrometer
sized grooves at the surface. This leads to an anisotropic geometric restriction for
the interaction of LC molecules with the surface. It has been shown that in general,
this leads to an alignment of LC molecules along the rubbing direction [61].
The second effect arises from the choice of material for the aligning surface coating.
The surface energy γs determines the interaction strength of the surface with a fluid.
If γs is much smaller than γl, the free surface energy of the liquid crystal material,
then the intermolecular forces between the LC molecules are stronger than the in-
teraction with the surface. This leads to a perpendicular alignment of LC molecules
at the substrate. If the interaction with the surface is stronger, the LC molecules
will align parallel to it. The so called pre tilt angle, the angle between the director
and the surface is therefore, among other aspects, determined by the surface energy
and can be changed by altering the boundary conditions. Different polymers also
show different anchoring strength in combination with a given liquid crystal.
Additionally, the mechanical stress during the rubbing procedure stretches the poly-
mer molecules within a layer of approximately 250Å thickness [36]. The anisotropic
orientation of the polymer molecules then leads to an anisotropic Van der Waals in-
teraction with the liquid crystal, predetermining the orientation of the macroscopic
director.
While it is found that the main aligning force is the anisotropic molecular interac-
tion, the pre-tilt angle also depends on the annealing conditions of the polymer layer,
the type of polymer, the type of LC, rubbing strength and rubbing speed [62–68].
After the first layer of aligned surface molecules, anisotropic Van der Waals forces
between the LC molecules introduce the uniaxial alignment to a liquid crystal cell.
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Figure 2.6: Polymer chains viewed from the top of a sample surface. The Sketch
shows the proposed distribution of polymer chains at the surface before and after
rubbing. Illustration adapted from [67].
They orient the bulk material, following the orientation of the first layer [69–73].
2.1.4 Dye Molecules in Liquid Crystals
It is widely accepted that the observation of probe molecules in isotropic liquids
enables the researcher to directly determine the dynamical properties of the host
material if the probe molecules are of equal size or only slightly smaller than the
host molecules [74]. This technique has been adapted to the research of liquid
crystalline materials. Several methods have been developed and applied with
varying results. Forced Rayleigh Scattering, for example resulted in the finding that
the anisotropic diffusion of large amounts of dye molecules was in general slower
than reported by NMR measurements in the same material [13,14,17–19,75]. Shen
et al. also found that concentrations of down to 0.05% of dye in a host of 5CB
already leads to a significant enhancement of the optical Kerr nonlinearity of the
host [76]. The dielectric properties are altered and the reorientation threshold in a
switchable LC cell can be lowered by introducing dye molecules into the material.
Another effect is observed when the dye is additionally excited by polarized light.
The guest molecules then reorient in the optical field and induce the reorientation
of the host molecules as well [77–87]. Or the reorientation of the excited dye in
the polarized field of the laser directly leads to a reorientation of the host without
further external field [87–89]. The dye induced torque is then described formally
to be equivalent to an external toque, resulting in a similar reorientation of the
director. The reorientation of LC molecules as a result of the interaction with a
polarized laser beam is also reported in pure liquid crystals as a result of their
anisotropic optical polarizability [81, 90–92]. That means that the reorientation of
LC molecules in the electromagnetic field of a high intensity laser can be supported
by the introduction of dye molecules. This indicates that the probe molecules
interaction with the host liquid crystal has to be taken into account in the analysis
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of the experiments of this thesis. As an indirect effect of the introduction of guest
molecules, induced elastic distortions and change of the dielectric properties of the
host is reported. Molecules with dipole moments also induce higher disturbances
due to the fact that the orientation of their electric field fluctuates during their
diffusion [93]. The dye can change its chemical structure following the absorption
of a photon. This can affect the interaction strength, changing the local structural
properties of the host around such molecules.
All these observations manifest the view that a direct observation of the diffusion
of single dye molecules in liquid crystals will not directly represent the mobility of
the host molecules. The mentioned experiments are macroscopic observations on
liquid crystals with very high amounts of diluted dye. The observation of single
molecules together with the structure of the host may help to gain insight into this
field of study.
2.2 Diffusion
2.2.1 Diffusion in Isotropic Media
Diffusion in a phenomenological approach describes the leveling of concentration
differences in a closed system of a heterogeneous mixture of two or more fluids. For
example an amount of dye in a larger volume of liquid will over time be homoge-
neously distributed within the whole volume, regardless of the starting conditions.
As long as a concentration gradient ∂c
∂x
exists in the volume, a flux of particles is
observed that finally leads to the elimination of the concentration heterogeneities.
The particles appear to move against the gradient. The observed flux J of particles
through a unit area is described by
J(x, t) = −kBTσ∂c(x, t)
∂x
. (2.16)
The flux is proportional to the gradient, with the constants of proportionality tem-
perature T , the Boltzman constant kB and the mobility of the particles σ. At
this point, the constants of proportionality are combined to the diffusion coefficient
D = kBTσ and Fick’s first law of diffusion can be formulated.
J(x, t) = −D∂c(x, t)
∂x
(2.17)
Generalized for 3 dimensions, it takes the form
J(r, t) = −D∇c(r, t). (2.18)
The number of particles stays constant, so that for every particle diffusing in one
direction, another one has to move in the opposite direction. The equation of con-
servation 2.19 applies.
∂
∂t
c+∇ · J = 0 (2.19)
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Assuming that D is constant in space and in combination with Equation 2.16, Fick’s
second law is derived:
∂c(r, t)
∂t
= D∇2c(r, t) (2.20)
For a 1 dimensional system, solutions to this equation take the form:
c(x, t) =
c0
(4piDt)1/2
exp
(
−(x− x0)
2
4Dt
)
(2.21)
The microscopic source of diffusion is the Brownian motion of each of the particles.
Brownian motion is the thermally activated, random movement of particles, caused
by collisions with surrounding particles. The Langevin equation 2.22 describes this
behavior of particles.
mx¨(t) = −γ0x˙(t) + Fthermal(t) (2.22)
The movement is determined by the random thermal force Fthermal(t) and the Stokes
friction −γ0x˙(t). In one dimension, Fthermal(t) is
Fthermal(t) =
√
2kBTγ0ν(t). (2.23)
The normal distributed random number ν(t) describes the statistical nature of the
thermal force. Each moving particle collides randomly with other particles in its
vicinity. In an isotropic fluid, the friction coefficient γ0 describes the retardation of
a particle due to the viscosity of the surrounding fluid.
γ0 = 1/σ = 6piηa (2.24)
In this model, the particle is spherical with the radius a. It is immersed in an
isotropic, homogeneous fluid with the viscosity η.
The thermally driven motion of particles in fluids is free of bias in the absence of
external forces. As a result of the statistical character of the thermal driving force
Fthermal(t), in a statistical approach, each particle can be viewed as an individual
random walker.
Assuming a set of individual particles i started at a given position x(0) = 0, then
after n steps, the position of each particle can be described as
xi(n) = xi(n− 1)± d (2.25)
Where d is a step of fixed length with an equal probability to happen along positive
and negative direction. If the length of d is defined as the square root of the variance
of ν(t) from Equation 2.23
d =
√
Var(ν(t)) (2.26)
the assumption of d having a fixed length is one approach to the problem. Another
approach is the assumption that the length of d is randomly chosen from a normal
distribution around zero. The width of the distribution then equals Var(ν(t)). Both
approaches lead to equal results for the probability density of the random walk [94].
For each particle, the squared displacement from the center now calculates as:
xi(n)
2 = xi(n− 1)2 ± 2xi(n− 1)d+ d2 (2.27)
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And the mean squared displacement (MSD) observed over all particles calculates
as: 〈
xi(n)
2
〉
=
〈
xi(n− 1)2
〉
+ 〈±2xi(n− 1)d〉+
〈
d2
〉
(2.28)
The term 〈±2xi(n− 1)d〉 is zero since d is randomly changing its sign. With all the
particles started at x(0) = 0, one can easily see that:〈
xi(n)
2
〉
= nd2 (2.29)
The MSD increases linearly with the number of steps n. Substitution of the number
of steps with the overall time t and the time τ that each single step takes, leads to:
〈
xi(n)
2
〉
=
t
τ
d2 =
d2
τ
t (2.30)
An interesting parameter in experiments on diffusing particles is the distance from
the origin a single particle has traveled after that time τ . The overall distance Si,n
is the sum of individual steps Mn.
Si,n = M1 +M2 + ...+Mn (2.31)
Assuming the particle started at x(0) = 0. The expectation value of the steps M
is µ = 0. The expectation value of S therefore is also zero, with a variance of
σ2 = d2. To get the probability of finding the particle after n steps at a distance x
from the origin, the probability distribution of S, the central limit theorem can be
applied. For high step numbers n the distribution converges to a normal distribution
N(µn, σn). The expectation value and variance of the distribution can then be
calculated from the expectation value and variance of the n individual steps as
µn = nµ and σ2n = nσ2.
p(x, n)
n→∞−−−→ N(µn, σn) = N(nµ,
√
nσ) =
1√
2pinσ
exp
(
−(x− nµ)
2
2(
√
nσ)2
)
(2.32)
With the already established relations n = t/τ , µ = 0 and σ = d it can be shown
that:
p(x, t) =
1√
2pitd2τ−1
exp
(
− x
2
2(
√
td2τ−1)2
)
(2.33)
The comparison of Equations 2.33 and 2.21 in one dimension leads to the connection
between diffusion coefficient and mean square displacement:
〈
xi(n)
2
〉
=
d2
τ
t = 2Dt (2.34)
For higher dimensions, it can be shown that:
2D : r2 = x2 + y2 → 〈r(t)2〉 = 4Dt (2.35)
3D : r2 = x2 + y2 + z2 → 〈r(t)2〉 = 6Dt (2.36)
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The corresponding probability of finding a diffusing particle at a position r after a
time lag t in n-dimensions is given by
p(r, t) =
1
(4piDt)
n
2
exp
(
− |r|
2
4Dt
)
(2.37)
With an isotropic diffusion coefficient D. In two dimensions, it can be shown that
the probability to find the particle at a distance r from its starting point is
p(r, t) =
r
2Dt
exp
(
− r
2
4Dt
)
. (2.38)
Einstein and Smoluchovski further determined the connection between diffusion co-
efficient and the Stokes drag γ0 acting on a spherical particle of radius a [95, 96].
D =
kBT
γ0
=
kBT
6piηa
(2.39)
The experimental determination of diffusion coefficients can therefore either lead
to information about the diffusing particle, if the properties of the host liquid are
known, or particles of known size can be used to probe fluids with unknown viscous
properties. Either way, the statistical character of brownian motion leads to two
kinds of ideal measurements.
• to observe one particle trajectory for t→∞, or
• to observe a huge ensemble of identical particles for t <∞
In both cases, finite experimental data leads to errors in the prediction of the results
[97–99].
2.2.2 Diffusion in Anisotropic Media
In the case of an anisotropic Brownian motion where the Stokes drag is not isotropic
but depends on the direction of motion, the diffusion coefficient D becomes a 2nd
rank tensor D. The resulting probability distribution writes as:
p(r, τ) =
1√
(|D|4piτ)3 exp
(
−r
TD−1r
4τ
)
(2.40)
The probability density distribution in Equation 2.37 is spherically symmetric due
to the Stokes drag that was assumed to be independent of the direction of motion.
The symmetry of D depends on the symmetry of the system. For the case of
nematic or smectic A liquid crystals that means a uniaxial symmetry so that D
becomes diagonal and axially symmetric with the principle components D|| and
D⊥. The probability distribution for anisotropic diffusion in these mesophases is
therefore distorted to an ellipsoidal shape. The diffusion coefficients D|| and D⊥ can
be determined by analyzing the probability density distribution for the displacement
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of a particle as described in the following. The work of this section is published
in [100].
The displacement vector r between the particles position after time τ and its starting
point is projected to a given direction in the observation plane, described by the
unit vector e = {cos (θ), sin (θ)}. The distribution of projected displacements along
e resembles a 1-dimensional Brownian motion as described by Equation 2.37. The
effective diffusion coefficient along this direction is then calculated as eTDe and the
density distribution of this projected Brownian motion is described by
p(r, e, τ) =
1√
4pieTDe τ
exp
(
− (r · e)
2
4eTDe τ
)
(2.41)
The width σ(τ) of this density distribution of projected displacements changes with
the orientation of the unit vector e.
σ2(τ) = 2τeTDe (2.42)
Equation 2.42 corresponds to the projected mean square displacement after a time
lag τ . With the rotation matrix R(·) from Equation 2.11, Equation 2.42 can be
continued into
σ2(τ) = 2τeTR(−θ0)DR(θ0)e
= 2τ(D|| cos2(θ − θ0) +D⊥ sin2(θ − θ0)) (2.43)
The angle θ0 denotes the direction of the fast axis of the diffusion tensor ellipsoid
in the observation plane.
2.2.3 Diffusion in Twisted Liquid Crystal Cells
Twisted nematic liquid crystal cells (TNLC’s) are widely used in display technol-
ogy and optical switches [101]. The production process includes the introduction
of a molecular twist within the cells. In a parallel arrangement, without twist,
the anisotropic diffusion in a thin liquid crystal cell can be described by Equation
2.41. However, this describes only the diffusion within a 2-dimensional layer of ho-
mogeneously aligned molecules. Within a TNLC, the director orientation changes
between the layers and the overall observable diffusion will be altered as described
in the following.
The established models for the director distribution in twisted nematic liquid crys-
tal cells describe a linear changing director orientation ΨD between the cell walls
[49,52,102]. The orientation of the director in a molecular layer at a distance z from
the first wall then is
ΨD(z) =
φ
d
z + ΨD(0). (2.44)
Where φ is the twist angle between the director orientations at the confining surfaces
of the cell and d the thickness of the cell. The anisotropy of the translational diffusion
will be assumed to be constant for each layer, with constant values for D|| and D⊥.
2.2. DIFFUSION 21
9
8
7
6
5
4
 D
iff
us
io
n 
C
oe
ffi
ci
en
t D
 [a
.u
.]
150100500
 Twist Angle ! [º]
2.2
2.0
1.8
1.6
1.4
1.2
1.0
 A
ni
so
tro
py
 r
150100500
 Twist Angle ! [º]
Figure 2.7: left: Theoretical development of the measurable diffusion coefficients
Dmax (solid lines) and Dmin (dashed lines) depending on the twist angle within a
TNLC. right: The corresponding anisotropy of the diffusion.
The angle dependent diffusion coefficient, averaged equally over all layers can now
be calculated as
D(θ, φ) =
1
φ
∫ ΨD+φ
ΨD
(
D|| cos2(θ − θ0) +D⊥ sin2(θ − θ0)
)
dθ0
=
1
2φ
(
(D|| +D⊥)φ+ (D|| −D⊥) cos(φ− 2θ + 2ΨD) sin(φ)
)
(2.45)
It can be shown that at a given twist angle φ the maximal detected diffusion coeffi-
cient is found at θtheomax = ΨD(0)+
φ
2
with the minimum located perpendicular to this
angle, at θtheomin = ΨD(0) +
φ
2
+ pi
2
. The apparent minimal and maximal mobilities are
Dmax =
1
2φ
(
(D|| + D⊥)φ+ (D|| − D⊥) sinφ
)
Dmin =
1
2φ
(
(D|| + D⊥)φ− (D|| − D⊥) sinφ
)
(2.46)
As can be seen here and as shown in Figure 2.7, the apparent diffusion becomes
isotropic at a twist angle of φ = pi, with D(θ, φ = pi) = 1
2
(D|| + D⊥).
The experimentally accessible Dmin and Dmax can now in return be used to calculate
the diffusion coefficients within each homogeneous layer.
D|| =
1
2
(Dmax +Dmin) +
(Dmax −Dmin)φ
2 sinφ
D⊥ =
1
2
(Dmax +Dmin) +
(Dmin −Dmax)φ
2 sinφ
(2.47)
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2.2.4 Diffusion in Liquid Crystals
Here, three different theoretical models for the anisotropic diffusion of liquid crystal
molecules are presented. Each one is the result of an individual approach to the
molecular mobility of liquid crystals in ordered domains. The anisotropic orienta-
tion of the liquid crystal molecules results in a direction dependent viscosity. The
following models aim to calculate the resulting diffusion coefficients for the liquid
crystal molecules along the two principle directions parallel and perpendicular to
the director field.
Chu and Moroi Model [42]
This theory derives the diffusion coefficient in a nematic phase from a parametrized
form of the momentum autocorrelation function and assumed perfectly ordered clus-
ters. The principle components of the diffusion tensor, D|| and D⊥ are related to
the order parameter S that is defined in Equation 2.1 and to a geometrical factor
ρ = pi/(4Q) where Q = L/d is the ratio of length L to diameter d of the rodlike
molecules.
D|| = 〈D〉 [1 + 2S(1− ρ)/(2ρ+ 1)]
D⊥ = 〈D〉 [1 − S(1− ρ)/(2ρ+ 1)] (2.48)
The anisotropic average 〈D〉 is defined as
〈D〉 = (2D⊥ +D||)/3 (2.49)
In this model, the diffusion coefficients approach 〈D〉 at the transition to the isotropic
phase, where S = 0. The temperature dependence of the average diffusion coeffi-
cient at lower temperatures is supposed to follow the slope of the isotropic phase,
extrapolated into the nematic phase. Consequently, no discontinuity of 〈D〉 should
be observed at the clearing temperature Tc.
Hess-Frenkel-Allen Model [43]
This model is developed by the affine transformation of the isotropic diffusion of
hard spheres to that of aligned uniaxial ellipsoids.
D|| = 〈D〉g α
[
Q4/3 − 2/3Q−2/3(Q2 − 1)(1− S)]
D⊥ = 〈D〉g α
[
Q−2/3 + 1/3Q−2/3(Q2 − 1)(1− S)] (2.50)
with
α =
[
1 + 2/3(Q−2 − 1)(1− S)]−1/3 [1 + 1/3(Q2 − 1)(1− S)]−2/3 (2.51)
The axial ratio Q is defined as in the model of Chu and Moroi. The isotropic
average defined in Equation 2.49 depends in this model on the orientational order
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Figure 2.8: Illustration of the different shear viscosities, or Miesovicz viscosities
in nematic liquid crystals. Illustration adapted from [34].
S and the geometry of the particles. Instead an independent average is introduced,
the geometric average
〈D〉g = (D2/3⊥ +D1/3|| ) (2.52)
For S → 0 the geometric average also approaches the isotropic diffusion coefficient
Diso. This model also predicts a continuous transit of its average mobility to the
isotropic mobility at the clearing temperature of the nematic system.
Franklin Model [46]
This model is also originally developed from an isotropic fluid, but with a hydrody-
namic approach. The diffusion coefficients are defined as:
D|| = kT
[
1/mf + (2 + S)/(6pim2Φα||)
]
(2.53)
D⊥ = kT
[
1/mf + (5− S)/(12pim2Φα⊥)
]
Here, f is the scalar friction constant and m and Φ are geometrical parameters,
derived from the molecular structure. The parameters α|| and α⊥ are linear combi-
nations of the Ericksen-Leslie coefficients [103] αi, i = 1− 5 with
α|| = 4α1 + 3α2/2 + 13α3/2 + 6α4 + 10α5
α⊥ = −11α2 + 9α3/4 + 6α4 − 3α5/2 (2.54)
This is also the inconvenience of the Franklin theory, the coefficients are not always
available for a given material or for the necessary temperature range [104].
2.2.5 Colloidal Diffusion in Liquid Crystals
The diffusion coefficient of colloidal particles in isotropic fluids is described by the
Stokes-Einstein relation, introduced in Equation 2.39, as D0 = kBT/6piηa. With
particle radius a and the scalar viscosity η as the parameters of the isotropic Stokes
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drag γ0 = 6piηa in the medium. In nematic liquid crystals, the anisotropic structure
and dynamics results in an orientation dependent viscosity. Three different shear
viscosities have to be considered. The Miesovicz viscosities for shear flow along the
x, y and z direction are illustrated in Figure 2.8. The director is pointed along
the z direction and the viscosities are related to the five independent Leslie coeffi-
cients [103].
As introduced above, the diffusion of liquid crystal molecules can be described by
two principle diffusion coefficients D|| and D⊥. The three Miesovicz viscosities are
experimentally accessible material parameters. They are used to calculate the effec-
tive viscosities for the movement perpendicular and parallel to the director axis.
The introduction of a spherical macroscopic particle into a liquid crystal in general
leads to a local disturbance of the director structure around this particle. Different
forms of director variations are introduced by the interaction of the particles surface
with the LC molecules.
A large variety of induced defect structures around colloids in homogeneous liquid
crystals have been reported. Different types of director structures around immersed
particles can be accomplished in two ways. One way is to alter the anchoring
strength of the LC molecules at the particles surface by chemical surface functional-
ization [23–25,105]. Another way can be realized in lyotropic liquid crystals. Those
materials are mixtures where the tuning of solvent concentration leads to changes
in the long range order of their structure. It is therefore possible to keep the an-
choring strength at the surface constant, but alter the anchoring conditions of the
liquid crystalline material by changing the shape of its building blocks from rodlike
to discoidal [34,106].
The three anchoring conditions that will be discussed in the following are illustrated
in Figure 2.9. They will cover the cases of very weak surface anchoring, strong
planar anchoring and strong normal anchoring. In the following descriptions, the
director far field is assumed to be homogeneously oriented. By changing the anchor-
ing strength in these configurations, or the size of the particle, other local director
structures can be found, as has been discussed in the literature [24, 30–32].
Weak Anchoring: At very weak anchoring strength, the molecular orientation of
a nematic liquid crystal around an immersed colloid can be viewed as undistorted.
The director stays uniform and the order parameter of the liquid crystal is not af-
fected. For this case an analytical function of the viscosity can be found [34]. The
effective viscosity along and perpendicular to the director orientation calculate as:
ηUD|| =
8α1
70
+
4ηb + ηc
5
ηUD⊥ =
3α1
70
+
5ηa + ηb + 4ηc
10
(2.55)
The viscosities for the uniform director structure have also been calculated numeri-
cally by Stark [31]. Both results have been compared and show a difference of only
10% [34].
Planar Anchoring: The planar anchoring results in a bipolar director field, show-
ing two boojum defects at its poles [107, 108]. that is predicted to stay stable at
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Normal AnchoringPlanar AnchoringWeak Anchoring
Figure 2.9: Illustration of different director profiles around dispersed colloids
in nematic liquid crystals. The first case resembles very weak anchoring of LC
molecules at the particles surface, hence the director structure stays uniform. Planar
anchoring results in a bipolar structure, introducing two boojum defects. Normal
anchoring introduces a saturn ring defect structure around the colloid. Illustration
adapted from [24].
Uniform Saturn Ring Planar Anchoring
Stark [31] η|| 0.0375 0.0494
η⊥ 0.0751 0.0853
Wuerger et. al [34] η|| 0.0429
η⊥ 0.0724
Poulin et. al [106] η||
η⊥ 0.0589 0.0392
Table 2.1: Viscosities for colloids in different director configurations. As a com-
parison, the Miesovicz viscosities of 5CB at room temperature have been found as
ηa = 0.374P, ηb = 0.229P, and ηc = 1.296P [31].
decreasing particle sizes. For this structure, no general solution has been found, but
analytical calculations are reported.
Normal Anchoring: Also called perpendicular anchoring, introduces a saturn ring
defect structure around the particle. The plane that contains the ring lays through
the equator of the particle and perpendicular to the director far from the defect.
With lower anchoring strength, the ring moves towards the particles surface and at
one point creates a smooth director field with an equatorial ring of planar oriented
molecules [31].
Table 2.1 shows effective viscosities for these director structures in 5CB, found in
the literature.
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2.3 Wide-field Microscopy for Single Molecule
Imaging
Single molecule imaging is nowadays a widely used technique, common not only in
physics but also in chemistry and biology. For an excessive review on the devel-
opment and perspectives of single molecule techniques see [109] and the citations
therein.
Single molecule detection started in solids and despite the experimentally challeng-
ing technique, important findings have been accomplished. For example photon
bunching [110] and anti-bunching [111] or quantum jumps of single molecules [112].
The method requires the sample to be at very low temperatures [113, 114]. The
low thermal energy narrows the absorption spectra of dye molecules and makes it
possible to excite them individually with narrow banded laser light.
At room temperature, the absorption spectra of a molecule is much broader and
individual molecules can only be addressed if their concentration is sufficiently
small [115]. In the beginning, single molecules have been addressed via optical
near field methods [116,117], later the easier to realize confocal [118,119] and wide-
field microscopy [120,121] replaced these methods. With the development of highly
sensitive detectors and a broad variety of stable fluorescent dyes, single molecule
imaging is now easily applied in biological and chemical research. Single particle
tracking in general and specifically the tracking of single molecules is very power-
ful in analyzing heterogeneous systems. For example polymer matrices [122], living
cells [123] or other soft matter [124, 125]. Single molecule detection is also used in
micro- and nano-fluidics [126] and many other fields of research [127, 128]. Recent
techniques can even overcome the diffraction limited resolution of optical micro-
scopes [129,130].
The basic principle and necessary condition behind fluorescence microcopy at room
temperature is the possibility that the excitation wavelength can be spectrally sep-
arated from the emitted light. This originates from the fact that the emission
spectrum of a fluorescent dye molecule is red-shifted in comparison to its absorption
spectrum. This spectral shift can be described with the energy band structure of
such molecules.
The photo-physics of fluorescent molecules can be conceived with a simple 3 level
energy scheme, as depicted in Figure 2.10. The three electronic energy levels are
the ground singlet state S0, the first excited singlet state S1 and a triplet state T1.
Each of these is accompanied by higher vibrational energy levels. In the ground
state, a molecule can absorb a single photon and will then be excited to a higher
energy level. The photon has to have at least enough energy to excite the molecule
to the lowest excited singlet state S1. If the energy of the absorbed photon exceeds
this limit, the molecule can get into a higher vibrational energy level. From there it
relaxes quickly, within picoseconds [131] into the lowest excited state S1 via internal
conversion (IC). From S1, the molecule can get back to one of the ground states
by emitting a fluorescence photon. Phonon relaxation then lowers its energy to the
vibrational ground state S0. The relaxation processes are of special importance for
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Figure 2.10: Jablonski diagram of a single fluorescent molecule with three energy
levels. Energy states are S0, the singlet ground state, the first excited singlet state
S1 and the lowest intermediate triplet state T1. For each of these states, higher
rotational or vibrational levels are depicted. The emission of a photon from S1
can either lead directly to S0, or to one of its vibrationally excited levels. Internal
conversion (IC) causes energy dissipation and leads to a redshift between excitation
an emission wavelength. Inter system crossing (ISC) to a triplet state hinders the
emission of photons, the lifetime of T1 can be up to one second. This results in the
blinking behavior of single fluorescent molecules.
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Figure 2.11: Sketch of a principal setup for wide-field fluorescence microscopy.
single molecule microscopy, they represent energy losses that cause the spectral red-
shift between absorption an emission bands. A suitable spectral filter can therefore
separate the excitation wavelength from the fluorescence emission. The molecule
can also get from S1 to an iso-energetic vibrational level of a triplet state by inter-
system crossing (ISC). It then relaxes via intersystem crossing into T1. The crossing
between S and T states is in principle forbidden, but the spin-orbit coupling may be
large enough to enable this. Since this process is much less likely than the emission
of a fluorescence photon, the lifetime of T1 is much longer, between 10−6 s and 1 s.
Once in this state, the absorption and emission of further photons is blocked and the
molecule stays dark. This process leads to intensity fluctuations in the fluorescence,
appropriately called triplet blinking. From T1, the ground state is reached via the
emission of a phosphorescence photon or through another intersystem crossing. The
excitation of fluorescence molecules can also lead to a chemical reaction with its
surrounding. This is mostly a reaction with oxygen and leads to a destruction of
the band structure. The molecule can’t be excited anymore and stays dark. This
process is described as bleaching.
Wide-field microscopy is a method to image several light emitters simultaneously
within a large area, in contrast to confocal or near-field techniques. The field of view
is up to several hundred µm2 wide and the fluorescent particles need to be present in
a sufficiently low concentration, usually in the nM range, to be individually resolved.
The sample is illuminated by a laser beam or an arc lamp.
Sketch 2.11 shows the principle setup of a conventional wide-field microscope with
laser excitation. The details of the microscope used in this work will be described
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later in Section 3.2. In the depicted setup as well as in the one used in this work,
an epi-fluorescence method is used. That means that the light used for excitation
passes through the sample and the emitted light from the sample is collected by the
same objective that illuminates it. The excitation laser beam is focused into the
back focal plane of this microscope objective. Thus the sample is illuminated by
a parallel beam. The detected fluorescence from the sample is separated from the
excitation wavelength by a dichroic mirror. Usually a set of spectral filters in the
optical path in front of the detector is used to minimize the detection of any stray
light from the excitation or other sources of background illumination. The detec-
tor in use is an intensified charged couple device (CCD) camera. Single molecule
emitters can be considered as point like light sources. Their image in a wide-field
microscope is diffraction limited. Within the focal region of the objective, the point
spread function of a immobile single emitter is a first order Bessel function that can
be approximated by a 2D Gaussian intensity distribution. By fitting a Gaussian
function to the point spread function of such a particle, its location can be found
with sub-nm accuracy [132].
Whether or not two neighboring point sources can be distinguished in an image is
determined by the numerical aperture NA of the used objective. The numerical
aperture NA is defined as
NA = n sin(αmax) (2.56)
Where n is the refractive index of the medium in which the objective is working and
αmax is the maximal acceptance angle of the objective for light. A higher numerical
aperture means that light can be collected with higher acceptance angles.
The image of a single point-like emitter in a microscope is diffraction limited and
is described by the point-spread function, depicted in Figure 2.12. For diffraction
limited optical microscopy, the Rayleigh criterion, Equation 2.57, is often used
to describe the influence of the numerical aperture on the resolution limit of an
imaging system.
dmin = 0.6098
λ
NA
(2.57)
This minimum distance dmin is illustrated in Figure 2.12. The Rayleigh criterion
states that two points can be resolved if the maxima of one of the point-spread
functions is at least centered at the first minimum of the other point-spread function
[133]. Lowering the numerical aperture results in a broadening of the point-spread
function and therefore lowers the maximal resolution. For single molecule tracking,
another reason to choose the acceptance angle to be as high as possible is to collect
as much light as possible from any fluorescent molecules in the sample.
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Figure 2.12: Visualization of the Rayleigh criterion. Two points are still recognized
as separate objects if the centers of their point-spread functions are at least as far
away from each other as the distance from the center to the first minimum. In this
case the intensity between both images drops by 26.5%.
Chapter 3
Experimental Considerations
After the introduction of basic principles as well as the theoretical background of
polarization contrast and single molecule tracking experiments, the following chapter
introduces the details of the experimental procedures. Data acquisition and data
analysis are explained as well as the sample preparation.
3.1 Samples
Liquid crystal sample cells are prepared between glass cover slides of (22×22)mm2
size and 0.1mm thickness (strength 0, Hecht-Assistent). Each glass surface is rinsed
clean with acetone and methanol in alternating order and finally with distilled wa-
ter from a Millipore Milli-Q Synthesis unit. The slides are dried under a nitrogen
stream and afterwards exposed to a nitrogen plasma for 10 minutes. The plasma
eliminates any residual organic molecules and oxidizes the glass surface. The re-
sult is a hydrophilic surface, free of fluorescent contamination. These surfaces are
then coated with a thin layer of Polyvinyl-alcohol (PVA). For this, a 40µl drop of a
saturated solution of 99% hydrogenated PVA in water is spin-coated on each slide.
Due to the hydrophilic quality of the glass the solution evenly wets the surfaces.
The coated glass slides are left at 120 oC in an oven for 1 hour. In this time the
PVA molecules anneal to a homogeneous layer. Each slide is then rubbed 4 times in
consecutive strokes along one direction. The rubbing is done by hand with woolen
cloth under weakly applied pressure. As first suggested by [71], the rubbing proce-
dure not only leads to microgrooves in the polymer surface but the polymer chains
are also forced to align along the direction of the rubbing strokes [134] creating an
anisotropic potential landscape for the interaction with the LC molecules.
The liquid crystal is dissolved in toluene and doped with the fluorescent dye PDI.
Absorption and emission spectra of the dye molecules are shown in Figure 3.1. A
droplet of the solution is brought down on each of the rubbed polymer surfaces. The
droplets are left to evaporate under a nitrogen atmosphere. After 20 minutes, two
slides are sandwiched together and put under slight pressure. The finished cell is
then stored at 50 ◦C for 30 minutes to allow the liquid crystal molecules to anneal
at the surfaces and in the cell gap. A sketch of an assembled cell is found in Figure
3.2
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Figure 3.1: Absorption and emission spectra of the fluorescent dye PDI (N,N-
Bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracarboxylic diimide - Fluka).
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Liquid Crystal
doped with PDI
Figure 3.2: Sketch of a nematic liquid crystal sample doped with fluorescent dye
molecules. Glass surfaces are coated with a thin layer of PVA that is mechanically
treated to introduce the nematic order of the LC molecules. The molecules align
parallel to the PVA surface along a common director.
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In the final liquid crystal cell the concentration of fluorescent molecules is nano-
molar, assuring that during the tracking experiments only two to four molecules
are visible within each frame. The low concentration also prevents an altering of
the macroscopic properties of the liquid crystal as discussed in Section 2.1.4. Each
sample cell is examined within 2 days after preparation.
The whole procedure of sample preparation is a delicate matter of several prepa-
ration steps. Each of these steps has to be performed carefully in order to keep
the resulting sample clean on a single molecular level. Contamination in terms of
unwanted fluorescent particles would change the results of single molecule tracking
experiments by adding probes of unknown size and different interaction with the
LC molecules. To address this matter, equal samples have been prepared with and
without tracer molecules. Conveniently, the samples without tracer molecules were
found to contain no fluorescent impurities.
Since the process is done by hand, the finished cells show different gap sizes. Fixed
cell gaps could be accomplished with spacer elements, but these introduce another
source for impurities to the sample. Commercially available cells and spacer ele-
ments are also not practicable. They are too thick for single molecule tracking.
The background fluorescence from the liquid crystal in cells of several µm thickness
would reduce the detectability of probe molecules significantly.
3.1.1 Thermotropic Liquid Crystals 5CB and 8CB
The liquid crystals 5CB (4-pentyl-4´-cyanobiphenyl) and 8CB (4-octyl-4´-
cyanobiphenyl) are part of the cyanobiphenyl group. They exhibit a high chemical
stability and a strong electrical dipole moment of up to µ2 =24.60D2 [135]. This is
one of the reason for their practical importance in mixtures and optical components.
They change their phases with temperature, hence the notation thermotropic. The
molecular structure of 5CB and 8CB is shown in Figure 3.3.
The liquid crystal 5CB was first discovered by G. W. Gray in 1972, in an attempt
to find a material with a liquid crystalline phase at room temperature for the spe-
cial purpose of being used in liquid crystal displays [136]. 5CB shows two phase
transitions, one from the crystalline to the nematic phase at 290.5K and a second
transition from the nematic to the isotropic phase at 308.5K. A sketch of the phase
changes is shown in Figure 3.4.
The optical properties of the material are easily accessible in experiments like the
polarization contrast measurements that are described in Section 2.1.2. At room
temperature, 5CB exhibits a high optical anisotropy of ∆n=0.18 that decays with
rising temperature. The ordinary and extraordinary refractive index converge to-
wards the clearing temperature Tc as shown in Figure 3.5. The results in the liter-
ature regarding the translational motion of the liquid crystal molecules are widely
spread. Figure 3.6 shows a selection of results for the temperature dependent diffu-
sion coefficients in 5CB. It can be seen that the results vary not only between the
different experimental approaches, but also between similar experiments. Note that
even the clearing temperature Tc is measured at different points.
The liquid crystal 8CB is another member of the family of cyanobiphenyls. In
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Figure 3.3: Molecular structure of the liquid crystals 5CB and 8CB. The reason
for their practical importance in mixtures and optical components is that they show
liquid crystalline states at room temperature and exhibit a high chemical stability
and a strong electrical dipole moment.
isotropicnematiccrystalline
290.5K 308.5K
Figure 3.4: Temperature dependence of phases in 5CB. The liquid crystal was
first discovered by G. W. Gray in 1972, in an attempt to find a material with a
liquid crystalline phase at room temperature.
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Figure 3.5: Temperature dependence of the refractive index of 5CB for light with
a wavelength of 6328Å. Data taken from [137].
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Figure 3.6: Temperature dependence of diffusion coefficients of 5CB measured
with different methods. Dvinskikh 2001: 1H-spin-echo NMR [138]. Noack 1997:
field-cycling NMR [139]. Hara 1984: Forced Rayleigh Scattering [14]. Spiegel
2001 Forced Rayleigh Scattering [16].
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contrast to the shorter 5CB molecules, 8CB forms a smectic A phase at room tem-
perature. The molecular building blocks of the material tend to display a mean
direction of orientation and are arranging in layers perpendicular to their director.
These layers are not formed of single molecules, but are caused by the adherence of
the cyano head groups, attaching to each other. A single layer has then the thickness
of 1.4 times the molecular length of a single 8CB molecule.
Heating the bulk material up to 306.5K results in a loss of positional order. The
layers vanish and the material reaches its nematic phase. Now the molecules are
distributed isotropically while the director orientation remains. By increasing the
temperature, the kinetic energy of the molecules rises further. The average angular
displacement Θ of the molecules rises. This reduces the order of the nematic phase.
At 313.5K, the liquid crystal molecules lost the orientational order completely and
8CB reaches its isotropic state.
3.1.2 Sample Surface Topography
The main focus of this work is to explore liquid crystal dynamics and alignment
on a µm scale. The optical properties of the sample are dependent on the thick-
ness of the cell and the alignment of the molecules. Through polarization contrast
measurements, only the retardation is available, but depends on both parameters,
thickness d and the optical anisotropy ∆n. Spatial changes of the retardation can
therefore either result from changes the thickness of the PVA coating due to the me-
chanical rubbing, or a change in the order parameter of the liquid crystal molecules
that is caused by inhomogeneous alignment strength. For the discussion on the in-
fluence of both effects on the sample properties, Atomic Force Microscope (AFM)
measurements have been performed. Two types of sample substrates are analyzed.
The surface topology of the PVA coating is examined before and after the rubbing
process. The used AFM is a Digital Instruments 3000 SPM.
Figure 3.7 displays an AFM image of a PVA coated surface after annealing in an
oven at 120 ◦C. The PVA coating at the surface was removed partially by scratching
it with a needle. The red line in the AFM image on the left of Figure 3.7 shows the
position of the height profile that is pictured in the graph on the right. Step height
and therefore thickness of the PVA layer is 10 nm.
The standard deviation of the z-positions in an area will be used as an expression
of surface roughness σR in this work.
σR =
√√√√ 1
N − 1
N∑
i=1
(zi − z) (3.1)
Surface roughness of the unscratched PVA surface in Figure 3.7 is found to be
σR =(0.30± 0.03) nm. For comparison, the roughness of an uncoated, cleaned glass
surface after treating it in nitrogen plasma for 5 minutes is σR =(0.20± 0.02) nm.
Figures 3.8 and 3.9 show AFM images of PVA surfaces after they have been rubbed
by hand, 4 times, in consecutive strokes, with a soft woolen tissue. Clearly visible
in the images is a striped pattern. The right graph in Figure 3.8 shows a histogram
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Figure 3.7: AFM measurement of a PVA surface before the mechanical treatment.
The sample is annealed for one hour at 120 ◦C after coating. The PVA layer is
removed in the upper region by scratching it with a needle. The height profile on
the right side reveals that the PVA layer is 10 nm thick.
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Figure 3.8: AFMmeasurement of a rubbed PVA surface that is annealed for 1 hour
at 120 ◦C and then rubbed 4 times with a woolen tissue. A surface height histogram
along the red line is shown in the graph on the right. The surface roughness in this
sample region is σR =(0.48± 0.01) nm.
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Figure 3.9: AFM measurement of a rubbed PVA surface, annealed for 1 hour at
120 ◦C and then rubbed four times with a woolen tissue. A surface height profile is
shown in the graph on the right. Surface features that are caused by the mechanical
treatment result in height variations of 0.4 nm - 0.8 nm.
over all z-positions of the height image on the left. The stripes are several µm wide
with distinct height differences in steps of 0.4 nm, ranging up to 0.8 nm. The steps
of 0.4 nm are in the range of the size of single polymer chains [140].
Surface roughness in this images are σR =(0.48± 0.01) nm in the area shown in Fig-
ure 3.8 and σR =(0.47± 0.01) nm in Figure 3.9. The small surface roughness and
feature size leads to the implication that the applied rubbing strength and pres-
sure in general is weak. Other publications report much rougher surfaces and even
grooves in the polymer layer [141]. The smoothness of the surfaces also indicate that
the dominant effect for uniaxial alignment is the anisotropic molecular interaction
between LC molecules and the stretched molecular chains of the PVA. This is also
found by Ishihara et al. in 1989 [57]. The pre-tilt angle for a molecular alignment
of the liquid crystal at the surfaces has been mentioned in Section 2.1.3. It de-
scribes the angle between the liquid crystal director and the surface. The conclusion
drawn from a study of the literature is that the pre-tilt angle in the samples of this
work is negligibly small. For the discussion of dynamical anisotropies and optical
retardation, a parallel alignment at the surface can be assumed [66–68].
3.2 Setup
The single molecule tracking experiments and polarization contrast measurements
are performed with a custom build wide-field microscope that is designed for the
requirements of this work. The microscope is build to be used for the detection
of single fluorescent molecules with the additional ability to obtain polarization
contrast images. Both modes can be used to analyze a single area without the
need to readjust the sample. This is the main advantage of the setup and makes
40 CHAPTER 3. EXPERIMENTAL CONSIDERATIONS
CCD
Laser (532nm)
Prism
Pinhole
Collimator
M1 M2
M3
DCF
L1
L2
100x/
1.35
Polarizer
LED
Sample Holder
LF
Power Sensor
Analyzer
Beam Splitter
Objective
Figure 3.10: Sketch of the used wide-field microscope for Single Molecule Tracking
and Polarization Contrast measurements. M1,M2 and M3 are broadband dielectric
mirrors , L1 and L2 achromatic lenses, F depicts a set of filters for fluorescence
imaging. DC stands for dichroic mirror that reflects the laser beam but is transmit-
ting fluorescence light from the sample. In polarization contrast mode, the sample
is illuminated by a red light LED. The light passes a beam splitter, a polarizer and
a laser-line filter, LF that transmits at λ=632.8 nm. A power sensor at the beam
splitter monitors the intensity of the LED light. The analyzer is placed in the optical
path directly after the objective.
it possible to directly compare the results from both techniques on a µm-scale.
A sketch of the setup is shown in Figure 3.10. The excitation of fluorescence in
the samples is realized by a diode pumped frequency doubled Nd:YAG laser with
a maximum output of 150mW. A prism is placed in the optical path in front of
the laser, followed by a pinhole. This combination parts the desired wavelength
of λ=532 nm from the two residual spectral lines of the original λ=1064 nm by
the Nd:YAG crystal and an λ=808 nm line that originates from the pump laser
diode. Following the pinhole, a collimator widens the beam diameter by a factor of
4, to a width of 8mm. To encounter unwanted effects originating from the linear
polarization of the laser, like selective excitation or even reorientation effects as
described in Section 2.1.4, the beam is circularly polarized by a combination of a
polarizer and a λ/4 plate after passing the collimator. Two mirrors then guide the
light to an achromatic doublet lens for the visible wavelength range (f= 350mm,
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Thorlabs). The lens focusses the beam in the back focal plane of the microscope
objective (NA=1.35, 100x, Olympus UPlanFL). With this method, a parallel beam
is generated, illuminating the sample area under the microscope objective. The
shape of the illumination is determined by the intensity distribution of the laser beam
and shows a Gaussian intensity distribution. A sample holder is located horizontally
on a movable x-y stage under the objective. To be able to adjust the temperature
of the sample, the objective is wrapped in a heating pad that is connected to an
associated temperature control unit (Bioscience Instruments). The objective is in
thermal contact with the sample through the immersion oil. The sample reaches
the preferred temperature together with the objective after an annealing time of 20
minutes. A possible temperature difference between objective and sample has been
evaluated using a PT-100 temperature sensor attached to one of the samples. The
temperature difference between the regulating sensor at the objective and the sensor
at the sample is found to be TSample =TObjective - 1.0K, with fluctuations during the
measurements of less than ∆ T=0.2K.
Fluorescence from the sample is collected with the same objective that illuminates
it and is then guided through a dichroic mirror. The light passes a set of spectral
interference filters before it is focused by an imaging lens (f= 200mm, Thorlabs)
on the CCD (Charge Coupled Device) chip of the detector camera. The set of
interference filters consists of a bandpass filter (HQ545 LP, Edmund) and a long-pass
filter (595AF60, Omega Optical). The Camera is a front illuminated frame transfer
CCD camera (Roper Scientific Cascade 512F) with an on-chip electron amplifier.
The chip consists of (512× 512) pixel, with a size of (16× 16)µm2 per pixel. The
camera chip is cooled down to T= -35◦C to minimize noise. The magnification
calculates as
M = Mobj
fim
fnom
(3.2)
The magnification of the objective Mobj is multiplied by the fraction of the focal
length of the used imaging lens fim in front of the camera and a nominally assigned
focal length fnom. The nominal focal length, assigned by Olympus is fnom = 180mm.
The combination of microscope objective, the f = 200mm imaging lens and the
pixel size on the camera chip calculates to (144× 144) nm2 of averaged sample area,
per pixel in this setup.
Polarization imaging and single molecule tracking are planned to be both executed
in the same spatial areas within a sample. For this purpose, the epi-fluorescence
wide-field microscope is additionally equipped with mounts for polarization filters
and a monochromatic light source for transmission measurements. The light source
is realized by a red LED under the sample holder. Its light is deflected towards the
sample by a 50:50 beam splitter. It passes the polarizer and a laser line filter with
a transmission wavelength of λ=632.8 nm. A power sensor is placed at the trans-
mission axis of the beam splitter to monitor the LED intensity during polarization
contrast measurements.
Experiments on mobile tracer molecules are not captured on the full camera sensor,
but on a smaller sub-region of the chip. The region of interest (ROI) used in the
experiments is (200× 200) pixel2, imaging an area of (28.8× 28.8)µm2 of the sam-
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ple. Using this ROI, the exposure time of texp =20ms results in a minimum inverse
frame rate of tframe =40ms. Usage of larger regions would increase the inverse frame
rate and smaller regions are impractically small for the tracking of single molecules.
There are several sources of noise that influence the detectability of single molecules
in this setup. First of all there is background noise from stray light, electronics
and monitors in the room. These noise contributions can be easily prevented by
careful shading. A second contribution is background fluorescence from the liquid
crystal itself. This can only partially be blocked by spectral filters since emission
spectra of probe molecules and LC overlap slightly. This constant background has
to be removed later in the process of video analysis. See Section 3.4.1 for further
information.
There are further noise sources that originate from the camera electronics that shall
be mentioned here. The additional noise in the camera image is composed of three
parts, shot noise, dark noise and read out noise.
Shot noise originates from the fact that photon arrival times follow a Poisson distri-
bution, so that imaged intensities vary between frames, especially at short exposure
times and low signal strength.
Dark noise denotes all signals that are not caused by photons. That can either be
thermally generated dark charges, that arise in each pixel with a constant rate or
spurious charges that arise from charge transfers during the readout process. Dark
noise rises with the temperature of the CCD, which is why the chip is cooled down
to T= - 35 ◦C. Also each pixel is cleared of residual charges before each exposure so
that dark noise is minimized.
Readout noise originates from the conversion of charges to digital signals in the
analog-digital converter as well as the amplifier process.
Shot noise dominates the noise that arises from the camera and leads to a max-
imum SNR ratio of 14. Camera based noise can therefore be neglected and the
maximum possible SNR is determined by the quantum yield of the chip and photon
rate only [142].
3.3 Polarization Contrast Measurements
In Section 2.1, the concept is introduced that liquid crystals are capable of changing
the polarization state of light. Within a polarization contrast setup, this property
can be used to measure the structural parameters of a liquid crystal cell. Put be-
tween two polarizers, the transmitted intensity through the setup depends on the
optical parameters of the cell and the orientation of the transmission axis of the
polarizers. In Section 2.1.1 the theoretical framework for these measurements is
described.
A sketch of the combined polarization contrast and single molecule tracking setup
is found in Figure 3.10. The setup, that is designed specifically for the experiments
of this work, is capable of performing single molecule tracking and polarization con-
trast measurements within the same area of a sample. In general, the experimental
procedure aims to obtain the two normalized transmission intensities from Equation
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Figure 3.11: Polarization contrast image of the liquid crystal 8CB in a thin
sample cell at T=23 oC. The picture shows an area where the LC molecules align
around an impurity in the sample. The characteristic striped pattern of the smectic
phase indicates a tangential molecular alignment. Black areas at the corners show
inclusions of air within the cell gap.
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2.15.
Images are taken for polarizer orientations in an interval δ=[0◦...140◦], recording the
absolute transmitted intensity in steps of 10◦. While staying in the crossed config-
uration, the analyzer orientation is kept perpendicular to δ and the experimental
values for Tperp are obtained. Staying in the parallel configuration leads to the values
of Tpar respectively. Intensity curves can be gathered for each pixel in the wide-field
region of interest, it is therefore possible to calculate the optical properties of the
liquid crystal averaging only over an area of (144× 144) nm2. An image of the liquid
crystal 8CB in a cell with untreated PVA surfaces at T=23 oC is shown in Figure
3.11. It is taken with crossed polarizers, the dark areas at the corners show inclusions
of air, where the LC is not filling the whole cell gap. Single sided samples, with only
one PVA coated glass slide and a droplet of LC solution evaporated on it showed no
measurable influence on the polarization state of transmitted light. In conclusion,
the retardation effect of a cell is the result of both PVA surfaces, predetermining
parallel molecular orientation through the whole gap, while at the air-LC interface,
the molecules orient perpendicular to the surface.
Imperfect polarizers and unpolarized background intensity by stray light lead to a
nonzero background, even at crossed polarizers and without the liquid crystal cell.
This is taken into account by taking a single reference image with crossed polarizers
after heating the LC cell above the clearing point. The intensity values of this refer-
ence image are then subtracted from each pixel in each of the other measurements of
that experiment. The transmission intensities are normalized to Tperp +Tpar = 1 and
are then fitted with Equation 2.15. The cells optical retardation β, the twist angle φ
and the orientation of the director at the cell wall that is faced to the light source ΨD
are extracted from the fit. An example of experimental data and the corresponding
theoretical curves is shown in Figure 3.12. Variation of the LED intensity in each
set of measurements is found to be under 0.2%.
The retardation β changes periodically with the thickness d of the LC sample
β(d) = β(d + λ
∆n
), therefore the parameter is restricted to a range of β = [0..pi]
in the fit. Note that the result for ΨD is inherently invariant against a rotation by
90◦ (T (ΨD +pi/2) = T (ΨD)), as well as that T (Φ = pi/2) = T (Φ = −pi/2). This can
be seen in the image in Figure 3.11. Here, an image of a point defect structure in a
sample of 8CB is shown. The molecules are tangentially ordered around the center
so that the transmission at any point is invariant to a rotation of 90 degree in any
direction.
While the tracking of single probe molecules provides information about the molec-
ular mobility in the sample, the polarization contrast measurement provides infor-
mation about the average structure of the sample molecules. Without any sample
realignment, the gathered information about the macroscopic liquid crystal struc-
ture can be directly compared to the information on the molecular mobility of the
liquid crystal molecules within this structure.
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Figure 3.12: Polarization contrast measurement in a liquid crystal. The lines are
fitted theoretical values to the experimental data points. The normalized transmis-
sions Tpar and Tperp are captured with the analyzer parallel and perpendicular to
the polarizer, respectively.
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Figure 3.13: Optical retardation, as calculated from polarization contrast mea-
surements at numerical apertures NA=0.5 (left) and NA=1.35 (right). The higher
numerical aperture results in a higher resolution and in more distinct features in the
picture on the right.
3.3.1 Influence of the Numerical Aperture on Polarization
Contrast Measurements
The following experiment is aimed to gather information on how the maximum angle
of light collected through the microscope objective influences the LC-cell parameters
obtained by polarization contrast measurements. For this purpose, an area of an
8CB sample is chosen. The analyzed area includes different domains with distinct
boundaries as well as different mean values for the parameters β, ΨD and φ.
The microscope objective in use for tracking and polarization contrast measure-
ments is a Olympus UPLAN FL. It has an adjustable numerical aperture between
NA=0.5 and NA=1.35. The working medium in the experiments is immersion
oil with n=1.518. The maximal acceptance angle can thus be varied between
αmax(NA= 0.5) = 19.2◦ and αmax(NA= 1.35) = 63.8◦.
Two polarization contrast measurements on an 8CB sample at T=23 oC are per-
formed in this experiment. One at the lowest possible numerical aperture of the
objective NA=0.5 and one at NA=1.35, the highest possible numerical aperture.
The experiments are carried out as described above. The results are the set of pa-
rameters that are introduced in Section 2.1.2, the retardation β, twist angle φ as
well as the initial orientation of the liquid crystal director ΨD.
Images of the calculated retardation values for both numerical apertures are shown
in Figure 3.13. As can be seen there, the typical features of the smectic liquid crys-
tal appear blurred, the stripes appear less distinct for the measurement at lower
numerical aperture. The blue lines in both images point out the positions of line
profiles. Calculated values of β along these profiles are shown in Figure 3.14. From
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Figure 3.14: Image profiles at positions shown in Figure 3.13. Retardation values
differ between both measurements, but the higher numerical aperture results only
in a higher resolution. Values for β calculated for the measurement with NA=1.35
oscillating around the results from the measurement with NA=0.5.
this visualization it is apparent that the retardation values, calculated from the mea-
surement with NA=1.35 oscillate around those calculated from the measurement
with NA=0.5. To quantify this observation, the results at each pixel are subtracted.
The resulting distribution of differences is pictured in the graph of Figure 3.15. The
Difference of retardation values centers around ∆β=0± 0.03. This shows that the
choice of a higher acceptance angle is not resulting in an alteration of retardation
values caused by different path lengths in the liquid crystal. The differences between
both measurements can be related to the change of maximum resolution.
The absolute values for the director orientation ΨD as well as the twist angles φ are
not of concern for this discussion. However, the analysis of these parameters leads
to similar results as is presented for the retardation of the sample. The difference in
values for ΨD and φ between NA=0.5 and NA=1.35 calculate to ∆ΨD =(-1± 12)◦
and ∆φ=(1± 10)◦. The differences are also normally distributed and centered
around zero, within experimental errors. This is further evidence that apparent
variations in cell parameters between both measurements are only caused by the
lowered resolution that results from a lowered numerical aperture.
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Figure 3.15: Normalized histogram over the difference of beta values between
the images shown in Figure 3.13 calculated for each pixel. The values are centered
around ∆β=0 with a standard deviation of ± 0.03.
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Figure 3.16: User interface of the particle tracking software. Tracking parameters
can be manually adjusted and the effect on the quality of the particle detection and
trajectory connection is directly accessible through visual feedback.
3.4 Single Molecule Tracking
3.4.1 Data Analysis
Data acquisition in single molecule detection experiments results in 10-15 videos per
measurement, with 1000 frames per video. An image of a fluorescent particle occurs
as a bright spot in an image and the diffusive motion is characterized by positional
changes between frames. The raw video data additionally contains background
intensity and noise. It has to be processed before the tracking algorithm can detect
particle positions and connect them to trajectories. Video processing and image
analysis as well as data interpretation are executed with custom build software,
written specifically for the tasks of this thesis in IGOR PRO (Wavemetrics). The
user-interface of the tracking software is depicted in Figure 3.16. It provides a visual
overview over the tracking parameters and allows the user to apply changes to them
with a direct optical response on the quality of the tracking procedure. In the
following, the analysis of the experimental data is described, the tracking procedure
is explained, as well as the algorithm to interpret the data.
The goal of the process is to extract trajectories of single mobile molecules from the
gathered videos. Several obstacles have to be overcome in the process. Experimental
data is noisy, molecules can bleach or blink and the overall efficiency for detecting
mobile molecules is limited by the experimental setup.
The first task of the algorithm is to remove background noise in each frame. This
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process is a sequence of several consecutive steps shown in Figure 3.17. The shown
images are examples taken from a measurement of diffusing PDI molecules in 5CB.
As a result of illuminating the samples with a laser light source, excitation intensity
follows the Gaussian intensity profile of the laser beam. The liquid crystal itself
is absorbing in the same spectral region as the tracer molecules used in this work.
This leads to a Gaussian distributed background intensity from the liquid crystal
molecules themselves. To remove this background, a 2-D Gaussian function is fitted
to each image and then subtracted from it. This flattens the images profile, but
shot noise from the camera electronics still exists in the image. To eliminate false-
positive events during the particle detection, a median filter is applied to every frame
before removing a threshold. The median is an averaging procedure that smoothens
the image from outlier pixel intensities. The (3×3) median filter for example lists
each joint subset of 9 pixels, sorting them according to their intensity values. The
center intensity value of this list then is assigned to all pixels in the array. This
eliminates shot noise in form of single pixels that exceeded the intensities of their
direct environment. This is not altering the results from the tracking procedure,
because the position finding algorithm is later applied to frames in an earlier state,
where only the Gaussian background has been removed.
To the median filtered image, a thresholding filter is applied. For this purpose, the
software initially calculates an intensity threshold value Ith to distinguish particles
from background noise. Only areas with intensities above this value are considered
to be associated with a probe particle, the other areas are neglected. If no value is
set manually, Ith is determined automatically from the mean value of the intensity
distribution p(I) and its variance.
Ith = 〈p(I)〉+ V ar[p(I)] (3.3)
This generates a binary image of the original region with only two kinds of areas,
those above and those under the threshold. To be recognized as the signal from a
fluorescent particle, a single area with intensities above the threshold has to have an
area between an upper and a lower size limit. Everything smaller is still recognized
as noise. Suppressing the detection in areas above the upper limit accounts for
two or more particles, that are too close to each other. That close, the algorithm
could not separate them because the intensity gap between them is either above the
threshold or vanished at all. The remaining areas that fulfill these conditions are
now considered as intensity distributions from fluorescent particles. The shape of
the intensity distributions of mobile particles within each frame is spread out due to
their diffusion during the exposure time of the camera. The structure is determined
by a convolution of the point spread function of a single, immobile particle with
the trajectory of its random movement during the exposure time. To determine the
mean position of a particle in such an intensity distribution, there are two common
methods. One is to fit a 2D Gaussian distribution to each intensity distribution that
is assigned to a mobile particle.
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Figure 3.17: Image processing from the camera image to the final form that is
passed on to the tracking algorithm. A Gaussian background intensity is removed
from each frame. Then a median filter is applied to the images, removing single
outlier pixel intensities. As the last step, a threshold is removed from the image to
mark the brightest joint areas.
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I(x, y) = K0+K1 exp
[
−1
2(1−K26)
((
x−K2
K3
)2
+
(
y −K4
K5
)2
− 2K6(x−K2)(y −K4)
K3K5
)]
(3.4)
The center of the Gaussian function is defined by the parameters K2 for x, and K4
for the y position. K3 and K5 are the with of the distribution in x and y direction.
K1 is the height of the distribution above the offset K0. In this method, the center
of the Gaussian is taken as the temporary particle position.
Another method of estimating the average position during one excitation cycle is
the centroid determination [143]:
xp =
∑
i,j
(Ii,j −B)xi,j∑
i,j
(Ii,j −B) and yp =
∑
i,j
(Ii,j −B)yi,j∑
i,j
(Ii,j −B) (3.5)
These sums include all pixels (i, j) that are assigned to one particle after the thresh-
olding algorithm. Then the intensities of these pixels are Ii,j, at the positions
~ri,j = (xi,j, yi,j). B is the background intensity.
It shall be noted here again that the Gaussian fit to each bright spot as well as the
determination of the centroid is carried out in the image with removed Gaussian
background. Both methods have been compared using simulated videos of diffusing
particles as well as experimental data. No difference could be found between results
from both methods within experimental errors. Despite the argumentation in favor
of a Gaussian fitting algorithm [143, 144], both appear to be equally precise in the
simulations of Chapter 3.5.
The described procedure up to this point results only in a list of particle positions
for every frame. These informations still have to be connected to trajectories. To
link succeeding positions to steps, each particles location in one frame is compared
to all detected positions in the subsequent frame. If a particle is found within a
given radius around an earlier detected location, both points are connected and the
step is associated with the initial position of that particle. If more than one par-
ticle is detected in close proximity to a previously found position, the nearest one
is related to the step. The radius in which succeeding locations are searched de-
scribes an upper limit for step size that can be found. This parameter is necessary
to prevent false positive connections with unrealistic step sizes. These can occur
when particles went dark or simply left the imaged region while other particles are
still visible. Blinking and bleaching is an experimental issue and false positive step
connections can be experimentally reduced by reducing the number of molecules
within the sample. This reduces the probability to find another molecule within the
maximal step size radius after one went dark or in the case that two are crossing
paths. As final result, the tracking algorithm produces a list with all found particle
locations and associated step sizes.
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According to Equation 2.41 anisotropic motion can be analyzed by projecting the
displacement vector ∆r = r(t)− r(t− τ) between two frames separated by a time τ
on a direction given by the unit vector e = {cos(φ), sin(φ)} resulting in
∆x(τ) = [r(t+ τ)− r(t)] · e (3.6)
The projected displacements ∆x shall then obey a Gaussian probability density
distribution and the width σD will reveal the projected diffusion coefficient along
the direction e. The width only corresponds to Equation 2.42 in the ideal case
of infinitely short exposure times and in the absence of noise. Under experimental
conditions however, the finite exposure time ∆texp as well as the various noise sources
lead to a finite localization accuracy for point like emitters in motion. Motion during
the finite exposure time ∆texp leads to a single molecule image that is a convolution of
the point spread function of the imaging system with the trajectory of the Brownian
motion during ∆texp. The apparent particle position in each frame therefore depends
on the exposure time. This inaccuracy has been considered by Montiel et al. [145].
Accordingly, the width of the observed mean square displacement is related to the
actual diffusion coefficient as:
σ2obs = 2D
(
1− 1
3
∆texp
∆tframe
)
∆tframe (3.7)
where ∆tframe is the inverse frame rate.
However, in addition to unhindered Brownian motion in the observation plane,
molecules can adsorb temporarily to the surface. Such molecules appear as im-
mobile in the videos. An example can be found in Figure 3.18.
These particles contribute to the overall distribution of steps because the back-
ground noise in each image results in small apparent fluctuations in the particles
position between successive frames. Thus the actual distribution of projected dis-
placements is the sum of two Gaussian distributions (as shown in 3.19), one for
the adhered, the other one for diffusing molecules. The width of the Gaussian dis-
tribution of the immobile molecules leads to the localization accuracy σloc. In the
present setup, the localization accuracy is found to be σloc =63nm, resulting in a
lower bound for detectable diffusion coefficients of Dmin =5·10−14 m2/s at an inverse
frame rate of ∆tframe =40ms, with an exposure time of ∆texp =20ms. The width
of the Gaussian distribution of the mobile fraction of molecules then determines
the diffusion coefficient along the projected direction as detailed above. Due to the
finite localization accuracy, the error for all determined diffusion coefficients is at
least ∆Dloc = (2σloc)2/2∆tframe = 0.2 · 10−12 m2/s.
Overall, the analysis of the displacement distribution for a set of different direc-
tions e delivers the magnitude and orientation of the diffusion tensors principle axes
D||, D⊥. As described by Schob et al. [146], the advantage of the above presented
analysis is that it can be applied to any sub-ensemble of molecules. That is, for
different spatial regions in a sample, as well as every direction e and time interval
∆tframe. In this work this technique is applied to determine the direction depen-
dent Brownian motion within different spatial areas of a liquid crystal samples. The
gathered information about locally changing mean mobility and anisotropy then can
be compared with locally changing structural properties of the sample material.
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Figure 3.18: Single molecule trajectories. Blue lines indicate previous trajectory
steps, red areas mark detected fluorescence from single molecules. This is a snapshot
from the tracking procedure. Visible in the picture are three particles, two of them
have been adhered to the surface during the previous frames, one diffused freely.
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Figure 3.19: Step size distribution of 5656 steps, projected along an arbitrary
direction with contribution of rigid fluorescent particles.The histogram is fitted with
the sum of two Gaussian distributions.
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3.4.2 Spatially Resolved Mobility
During the tracking procedure, each found particle step is saved in a list, associated
with its starting coordinates. It has already been established how a list of steps can
be used to obtain the orientation dependent mobility and that this can be applied
to any subset of data. In this section, the algorithm is introduced that determines
spatially resolved mobility properties.
A typical set of data from a tracking experiment consists of 20 000 to 30 000 single
steps. Those are randomly distributed within the initial region of interest. This is
illustrated in Figure 3.20 where each red dot represents the initial coordinates of a
single molecular step. For a spatial analysis, subsets from this data are chosen to
be analyzed separately.
Starting at point (x0, y0) = (5, 5), a box of 10×10 pixel is defined, containing the
square between A0 = (x0 − 5, y0 − 5) and P0 = (x0 + 5, y0 + 5). All steps found
within this box are separated from the initial set of data. They are analyzed to
acquire the anisotropy of mobility, the fastest and slowest mobility, the direction of
the fast axis as well as apparent flow and direction of flow. All of these values are
then assigned to the single point (x0,y0). This is performed for all positions (xi,yi)
in the imaged area, resulting in a map of the parameters stated above, averaged over
an area of (1.44× 1.44 )µm2. The statistical nature of the diffusion process results
in varying particle densities in different spatial regions of the sample. The number
of steps N in each box can range from 0 to 250, depending on the overall number of
detected molecules and the statistical fluctuation of particle positions. The number
of steps contributing to a single step-size distribution is therefore too low to apply
a meaningful fit with the sum of two Gaussian distributions as explained above.
Instead, the mean squared displacement is calculated from the standard deviation
σ of each list of projected steps ∆x.
σobs =
√√√√ 1
N − 1
N∑
j=1
(∆xj −∆xj)2 (3.8)
The mean displacement σobs along the projection leads to the diffusion coefficient
along this direction as introduced in Equation 3.7. This method will underestimate
the mobilities in regions where adhered molecules are present during a measurement,
but remain accurate within the statistical errors everywhere else. An apparent flow
is calculated as the mean step-size along one direction ∆xj and the angle φ with the
highest ∆xj defines the direction of the flow. Further, the mean diffusion coefficient
in each box is defined by
Di =
1
360
360∑
φ=1
Dj(φ) (3.9)
3.4.3 Control Measurement
The following experiment is intended to serve as a performance test measurement
for the single molecule tracking part of the microscope. The tracking of single
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Figure 3.20: Spatial distribution of measured particle positions in single molecule
tracking data, each point represents the starting point of a detected trajectory step.
For a spatially resolved diffusion analysis, a subregion of certain size is chosen and
all steps within this region of interest (ROI) are analyzed separately from the rest.
Results from the analysis are assigned to the center pixel (xi,yi) of this region. While
moving the ROI pixel by pixel over the whole area, a map of the spatial distribution
of diffusion parameters is build up.
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Particle Diameter Dstokes Dexp ∆D
28 nm 1.8·10−11 1.6·10−11 0.2
48 nm 1.00·10−11 1.2·10−11 0.2
100 nm 4.9·10−12 4.7·10−12 0.2
Table 3.1: Comparison of diffusion coefficients calculated from Equation 3.10 with
results from single particle tracking experiments on R6G doped polystyrene beads.
∆D describes the experimental uncertainty. The temperature is T =298K. Diffusion
coefficients are in units of [D]=m2/s
.
polystyrene beads, doped with R6G is used to show that the data analysis used in
this work provides solid information on diffusion coefficients. Comparison of the
results with the expected theoretical values shows matching mobilities, within ex-
perimental errors.
Polystyrene beads of known sizes, doped with the fluorescent dye R6G are analyzed
in water. They are ideal probes to test the tracking algorithm, as well as the data
analysis. The beads are 28 nm, 48 nm, and 100 nm in diameter and doped with
a huge amount of dye molecules per particle. This offers an advantage over the
tracking of single molecules. Doped polystyrene beads do not blink, they bleach
very slowly, they show very high fluorescence intensities and they do not adhere to
untreated glass surfaces.
The Stokes-Einstein relation gives the theoretical diffusion coefficient for spherical
particles with a diameter d, that are freely diffusing at a temperature T , in a homo-
geneous material of viscosity η.
D =
kBT
3piη d
(3.10)
The theoretical diffusion coefficients are calculated at T =298K and with
kB =1.3806 · 10−23J/K . The viscosity of water is taken as ηH2O =891 · 10−6 kg/m s.
The results of these measurements are summarized in Table 3.1.
3.5 Simulated Single Molecule Tracking
The simulated data of this section is mimicking the images and videos that are
obtained by camera based single molecule tracking experiments. The effects of noise
and finite exposure times are taken into account. The experiment on probe diffusion
in liquid crystals is a delicate matter of sample preparation, temperature stability
and the positional stability of the setup. Dynamical properties change between
different samples, the manual treatment of samples results in inhomogeneities and
variations of the alignment of the liquid crystal molecules between the cell walls.
All these factors influence the mobility properties of tracer molecules within the
liquid crystal matrix. The goal of this thesis is to analyze exactly these changes in
the diffusion coefficients, to probe the different dynamical and structural properties
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with the help of single probe molecules. Every experiment however, can only gather
a finite amount of data from one sample. Due to the statistics of the diffusion
process, this experimentally obtained data on the mobility will leave an uncertainty
about the true parameters of diffusion in the sample. With the results from the
simulations of this chapter, the statistical variations are analyzed on data that is
undistorted by experimental problems. Simulated tracking data represents the ideal
case of homogeneous diffusion and probes with identical mobilities. Results from
this chapter will furthermore lay the foundation to a quantitative discussion of later
results from single molecule tracking experiments.
In this section, the algorithm for the simulation is described. It is shown how
the photon statistics of fluorescent molecules is taken into account and how the
experimental camera image is reconstructed. After the introduction of the method,
the results are presented and the statistical uncertainty of the results is discussed.
3.5.1 Method
There are several effects to be considered in the simulation of single molecule track-
ing data. The image of a point like light source will be diffraction limited and is
represented, if immobile, by an Airy intensity distribution. The image of a mobile
point like light source will also be spread out to a convolution of the initial Airy
intensity distribution with the path this particle moves during the exposure time
of the detector chip. During this exposure time, the overall intensity emitted by a
single molecule at each point of the path can be described by a Poissonian intensity
distribution. Additionally, shot noise from the camera electronics have to be taken
into account as well as the finite pixel size of the cameras CCD chip. All of these
effects are considered in the following procedure. Four main steps lead to the final
image. These steps are illustrated in Figures 3.21 and 3.22.
The simulations are carried out on an initial grid of (2200× 2200) pixel2 with peri-
odic boundary conditions. Nine individual molecules are created simultaneously at
evenly spaced positions on this grid at the beginning of each simulated video. Each
molecules intensity distribution in a real experiment is an Airy distribution. For
the sake of computational time the Airy function is approximated by a Gaussian
function, centered at the position of the molecule. Tracking experiments that are
presented in Chapter 3 include a certain amount of adhered single molecules in their
data sets. Width and center intensity of their intensity distributions are used for
the Gaussian representation of a single, immobile point-like light source in these
simulations.
The exposure time for each image as well as the inverse frame-rate are adapted
from the experiments as ∆texp =20ms and ∆tframe =40ms. A simulated trajectory
during this time was divided into 10 individual sub-steps per ms. Steps are chosen
independently for the x and the y direction. Their size is taken from a set of Gaus-
sian distributed random numbers. The distribution of random numbers for the step
sizes is of a fixed width, calculated to represent a certain diffusion coefficient. Dif-
fusion of the molecules is carried out on the initial high resolution grid. To simulate
an image of moving fluorescent particles, for each calculated position one Gaussian
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Figure 3.21: Illustration of the first two steps of simulated single molecule tracking
data. First a single Gaussian intensity profile is created. In step two, a random walk
trajectory is convoluted with the single Gaussian profile, this results in a realistic
representation of an image of a singe diffusing particle captured with a finite exposure
time.
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Figure 3.22: Illustration of the last two steps of the simulation of single molecule
tracking data. The convoluted image of a mobile particle is transformed into an
image with lower resolution to mimic the effect of a CCD camera chip. The last
step is to add a Poissonian distributed noise over the whole image.
intensity profile is added to the image. For each step the intensity of the Gaussian
profile is calculated from a Poissonian intensity distribution. This accounts for the
photon statistics of single molecules. The intensity profiles overlap with each other
and result in the convolution of the initial Gaussian profile with the trajectory of
each particle during one exposure time. The result is in general not a Gaussian
distribution. This is illustrated in Figure 3.21 on the right side, together with the
intensity profile through the resulting object.
Between exposure times. the cameras readout time delays the process of capturing
another image. The movement during readout time is handled just like during the
exposure time, it is divided into sub-steps. This movement has no effect on the
image, only on the initial position of each molecule at the beginning of the next
exposure cycle. The CCD chip now has finite pixel resolution of (144× 144) nm2
per pixel to account for this the initial grid is coarsened by a factor of 11. Each
pixel in the simulated image now averages over an area of (11× 11) pixel2 from the
original image as shown on the left side in Figure 3.22. In the coarsened image, a
Poissonian background shot noise is added and the whole image is amplified by a
factor of 1000 to account for the cameras electron amplification and electronic noise
sources.
These steps are carried out for each particle, constructing videos with 2000 frames
3.5. SIMULATED SINGLE MOLECULE TRACKING 61
each. With this method, anisotropic diffusion with fixed values for the anisotropy
could be generated. Since steps in x- and y-direction are calculated independently,
the fast axis was chosen to be along the y direction.
Some experimental limitations have been neglected in order to make the simula-
tions as ideal as possible. For example inhomogeneous illumination is not taken
into account, since the Gaussian distributed background noise that is observed can
be easily subtracted from experimental measurements. Simulations represent ideal
experimental conditions and are therefore used to determine the limits of statistical
fluctuations in ideal systems. The simulated videos are tailored to resemble data
from single molecule tracking experiments, therefore the tracking process is carried
out with the same tracking algorithm that is used for the experimental data.
The tracking algorithm detects each particle within a frame from its intensity dis-
tribution by fitting a 2D Gaussian distribution. The resulting coordinates deter-
mine the mean position of that particle with a sub-pixel resolution. Trajectories
are connected by finding the nearest neighbor particle between consecutive frames.
Amongst other informations, like intensity or the width of the particles intensity dis-
tribution, the tracking algorithm provides a list with step-sizes for each connection.
Each set of data consists of detected steps from 5 videos with 2000 frames each. A
typical set from these simulations consists of 80 000 steps of single molecules.
The goal of this chapter is to determine how accurate anisotropic mobility can be de-
tected if only a limited amount of steps is available. Taking the whole set of several
thousand steps and calculating the parameters of anisotropic diffusion will resem-
ble the input parameters of the simulation with more certainty than for example,
taking only one set of 200 steps. The important parameters that are analyzed are
the orientation of the fast axis φ0, the values for the mobility along the fast and the
slow axis, D|| and D⊥ as well as the resulting anisotropy of the motion r=D||/D⊥.
In the following, a subset of n steps will be called a box. The above stated un-
certainty of the parameters will be analyzed for a range of n= [5,9500]. For each
number of steps n, 1000 boxes with independent lists are chosen and analyzed. The
standard deviation of the obtained sets of parameters then determines their error
due to statistical variations. For higher numbers n per box, the initial list of 80000
steps cannot ensure the 1000 completely independent boxes. A Fisher-Yates shuﬄe
algorithm is used to generate the needed 1000 independent random instances of n
steps from the large initial set of 80 000 steps [147].
The algorithm for the analysis of the mobility within each box is introduced in
Section 3.4.1.
3.5.2 Results
The presented simulation is aimed to determine the confidence range of several
parameters of anisotropic single molecule diffusion in the case that only a limited
number of data points is available. These parameters are the value of the anisotropy
r, the mobility along the fast axis D||, the mobility along the slow axis D⊥ as well
as the orientation φ0 of the fast axis. Results are summarized in Figure 3.23.
The data shows that the relative error in detecting anisotropies is independent of
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Figure 3.23: Results from the simulated single molecule diffusion. Each graph
shows the standard deviation of a parameter calculated from 1000 independent sets
of data for each point. The insets show the uncertainties for boxes with less than
100 steps. Shown are relative errors, except for ∆φ0.
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the actual value of the anisotropy of the motion of the particles. The relative error
of under 10 percent is reached at more than 500 steps per box. The relative error
for the fast and slow mobility is also independent of the actual diffusion coefficients
that are used in the simulations. Here, box sizes of more than 250 steps provide an
uncertainty of under 10 percent for the diffusion ocefficients along and perpendicular
to the fast axis. An accuracy of 2 percent is reached after 6000 steps per box.
In contrast to the other parameters is the error for the orientation of the fast axis φ0
dependent on the anisotropy. An error of under 10◦ is realized with more than 130
steps at the highest tested anisotropy of r= 1.74. For the lowest tested anisotropy,
r= 1.12, the same error is only achieved after 3500 steps per box. In general, the
higher the anisotropy, the lower is the error for the detection of the orientation of
the fast axis.
To detect spatial variations in the domain structure of liquid crystals, the orientation
of the fast axis therefore is the least prone to error. Domains with different director
orientations can therefore be better discriminated via the orientation of the fast
axis than via the absolute values of the diffusion coefficients of the tracer particles
therein.
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Chapter 4
Results and Discussion
In this chapter, the results of three different experiments on different types of liq-
uid crystal cells are presented. Different approaches are chosen to discuss various
aspects of the structure individually.
The first experiment addresses the effect of twist in liquid crystal cells. How the
measured mobility changes in different cells that are prepared with individual twist
angles φ. The theoretical predictions of Section 2.2.3 are compared to the results
and since different samples are analyzed, the distribution of structural parameters
within each sample as well as between different cells can be discussed.
The second experiment focuses on the temperature dependent mobility change
within homogeneous cells with no twist. The results are used to gain further in-
sight into the interaction of the probe molecules with the liquid crystal molecules.
The third section contains data from a single cell, where an area with different
domains is chosen for the observation. The different domains arose from varying
surface properties due to the mechanical treatment of the cells boundaries. That
area is chosen to observe the behavior of the liquid crystal at domain boundaries,
at room temperature as well as upon heating. Observing different domains within
a single sample finally allows a discussion of the spatially resolved structural and
dynamical properties in a liquid crystal cell.
4.1 Twisted Nematic Liquid Crystal Cells
This section presents the combined results from polarization contrast measurements
and single molecule tracking in twisted nematic liquid crystal cells. The application
of the angle dependent step size analysis for single molecule tracking is a novelty in
liquid crystals. The application of polarization contrast measurements however is
an already established method to measure the structural properties in liquid crystal
cells. Different samples are examined with both techniques at room temperature
T=24 oC and the results are put in context to each other in the discussion.
The samples are prepared with a certain twist angle φ between the cell walls. They
are produced in the same way as described in Section 3.1, each surface is covered
with PVA and is rubbed by hand with woolen tissue. The rubbing direction is chosen
to be parallel to the edges of the glass slide in order to have a distinct origin for the
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66 CHAPTER 4. RESULTS AND DISCUSSION
deployment of the twist angle. The analyzed material is 5CB, doped with PDI as
the fluorescent probe molecule. A droplet of a liquid crystal solution in toluene is
put on top of each of the rubbed PVA surfaces. After the toluene is fully evaporated,
both slides are brought together with their edges forming a distinct angle. After the
application of this twist angle, the whole sample cell is heated above the clearing
point of the liquid crystal to allow the molecules to anneal.
4.1.1 Results
The experimental results for the angle dependent mobility in four selected samples
with different twist angles are shown in Figure 4.1. Presented on the right side
are polarization contrast images taken at crossed polarizer positions. The images
are part of the polarization contrast measurement that that is used to determine
the structural parameters of the LC cells. Clearly visible in each image are striped
patterns, showing intensity variations within the areas. The stripes indicate the
rubbing direction of the PVA surfaces and therefore indicate the directions of ΨD
and ΨD + φ. Results from the analysis of polarization contrast curves are shown in
the polar graphs on the left side as black arrows, pointing along ΨD and ΨD + φ.
Uncertainties for the structural parameters are indicated by the grey cones around
the arrows, they are calculated as the standard deviation of all values in an area.
The result for the orientation of the fast axis from the single molecule tracking ex-
periments is indicated as a red arrow in the polar graphs on the left side. It can
be seen that the results from polarization contrast measurements are in very good
agreement with the orientation of the striped structures and that the orientation of
the fast axis agrees with the orientation of ΨD + φ/2.
In Figure 4.1, the visible stripes in the polarization contrast images also indicate
spatial changes in the structural parameters due to the rubbing process. Retarda-
tion values within the cells can show spatial deviations from as low as ∆β = ± 0.02,
up to ∆β = ± 0.1. Heterogeneities in these samples can also be found as variations
in ∆ΨD = ± 4o and as variations in the twist of up to ∆φ = ± 10o.
The minimal and maximal measured diffusion coefficients of the PDI molecules are
shown in Figure 4.2 with respect to the cells twist angle. The graph shows the
measured diffusion coefficients along the fast axis Dmax and perpendicular to this
direction, along the slowest axis Dmin. The diffusion coefficients are determined from
the whole set of detected step sizes, regardless of their position within the probed
area. The number of detected steps in the measurements ranges from 14000 to 25000.
The error due to statistical variations can be approximated from the simulations of
Section 3.5 to be ∆Dstat =0.1 · 10−12 m2/s at maximum. In comparison to the statis-
Figure 4.1: Graphical representation of combined results from polarization con-
trast and single molecule diffusion measurements in liquid crystal cells with different
twist angles θ. The grey cones represent the standard deviation of the orientation
ΨD and ΨD +φ, calculated from the spatial deviations throughout the observed area.
The error of θ0 is ∆θ0 = 2◦. Diffusion coefficients are presented in [D]=m2/s.
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Figure 4.2: Comparison of experimental and theoretical diffusion coefficients Dmax
and Dmin in twisted nematic liquid crystal cells with different twist angles between
the confining surfaces at T=24 oC. The theoretical curve is calculated from Equation
2.45 using starting values of D||(φ = 0) = 8.4 · 10−12 m2/s and D⊥(φ = 0) =
4.4 · 10−12 m2/s.
tical error, the error of fitting the theoretical curve from Equation 2.43 to the exper-
imental orientation dependent mobility is negligible with ∆Dfit =0.01 · 10−12 m2/s.
Together with the already introduced localization error ∆Dloc =0.2 · 10−12 m2/s, the
overall uncertainty for the presented diffusion coefficients is ∆D= 0.3 · 10−12 m2/s.
The error for the detection of the fast axis θmax due to statistical limitations in these
measurements is lower than ∆θmax =2 ◦, while the fitting procedure itself produces
a negligible error of well under ∆θmax =0.2 ◦.
The anisotropy of the mobilities within each cell is presented in Figure 4.3. The
twist angle φ is determined from polarization contrast measurements, as described
in Section 3.3. For every pixel of the probed area the twist φ is determined from a
fit of the theoretical curves from Equation 2.15 to the experimental intensity curves
Tp and Tc. The twist angle φ is then chosen to be the average over all pixels in the
observed region. This is convenient, since the diffusion coefficients are also deter-
mined as an average over the whole area. The uncertainty ∆φ is then defined as the
standard deviation of all pixel values.
The lines in Figures 4.2 and 4.3 represent the theoretical development of the fastest
and slowest mobility. As initial diffusion coefficients for the theoretical curves,
D||=8.4 · 10−12 m2/s and D⊥=4.4 · 10−12 m2/s is chosen. It is found that the experi-
mental values are within a margin of error of ∆D/D=± 15 % around the theoretical
curve.
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Figure 4.3: Comparison of experimental and theoretical anisotropies of probe
molecule mobility in twisted nematic liquid crystal cells at T=24 oC. Results are
shown from cells with different twist angles between the confining surfaces. The
theoretical curve is calculated from the theoretical values in Figure 4.2.
The retardation β is determined by the optical anisotropy ∆n and the cell thickness
d. A higher retardation can therefore be either caused by a higher cell thickness, or a
higher optical anisotropy. In a first approach, the optical anisotropy of 5CB at room
temperature T=24 oC, ∆n5CB =0.18, as determined by Horn et al. [137], is given
as constant throughout the analyzed cells. With this, the thickness of each cell can
be calculated from the measured retardation. The thickness d is then determined
just like the twist angle φ, as the average value from all pixels within the observed
region. Its error, ∆φ is then determined from the standard deviation of these values.
In Section 2.2.3, the approximation was made that the fluorescent molecules show a
homogeneously distributed probability to be found at any z-position throughout the
sample. Another approximation was, that the diffusion coefficients of these probes
is also the same at every z-position, regardless of the distance to the cells walls.
From the measured minimum and maximum diffusion coefficients Dmin and Dmax,
the initial diffusion coefficients D|| and D⊥ within an untwisted layer can be cal-
culated using Equation 2.47. The results are shown in Figure 4.4 with respect to
the corresponding cell thickness d. The mean values are D⊥ = 4.4 · 10−12 m2/s
and D|| = 8.4 · 10−12 m2/s, the experimental results are found within variations
of ±10% from these mean values, describing a systematic error, consistent with
variations presented in other experiments in the literature [10]. The mean initial
anisotropy of the diffusion is then D||/D⊥=1.9± 0.2. The diffusion coefficients show
no dependence on the cell thickness in the probed cells.
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Figure 4.4: Initial diffusion coefficients in relation to the calculated thicknesses
of the TNLC cells. The values for D|| and D⊥ are calculated according to Equation
2.47 from the experimental Dmax and Dmin. Results for the thickness were calculated
from β values of each cell, assuming a constant optical anisotropy of ∆n=0.18 for
the liquid crystal 5CB at T=24 oC. Error bars for the thicknesses are calculated
from the standard deviation of the retardation values.
4.1.2 Discussion
The optical retardation β is used to calculate the cell thickness under the assump-
tion that the optical anisotropy of the bulk material, ∆n=0.18, is homogeneous and
equal in each of the examined cells. The thickness d is then the average of the results
for all pixels in the area. However, as shown in Figure 4.1, the transmission in the
sample cells is found to be heterogeneous. The spatial deviations in the sample cells
measured retardation range from as low as ∆β = 0.02, up to ∆β = 0.1. With the
assumption that the optical anisotropy ∆n is homogeneous throughout a sample,
these variations indicate heterogeneities in the cell thickness. From the spatial vari-
ation of the optical retardation, thickness variations of ∆ d= (22.4 - 112.0) nm are
calculated. A possible explanation for this is the mechanical treatment of the poly-
mer surfaces. However, as evidenced in the AFM measurements presented in Section
3.1.2, rubbing induced steps in the polymer layer are not larger than ∆ d=± 1 nm.
The results of the polarization contrast measurements therefore indicate that the
quality of the molecular alignment is not homogeneous throughout a cell. This
means that the optical anisotropy changes within the samples as a result of a spa-
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Figure 4.5: Anisotropy r=D||/D⊥ of the tracer diffusion of PDI molecules in
twisted nematic liquid crystal cells of different thickness at T=24 oC.
tially changing order parameter. With the assumption that the cell thickness is
homogeneous, the heterogeneities in optical retardation can be caused by changes
in the refractive index of ∆(ne - no)= (0.01 - 0.06). The implication is that the order
of LC molecules is not homogeneous throughout the sample area. Since the order
is introduced by the anisotropic interaction between LC molecules and the surface
polymer, the strength of this interaction must be heterogeneous. As stated in Sec-
tion 2.1.3, the anisotropic interaction can be achieved by an anisotropic alignment
of polymer chains and by the introduction of grooves in the PVA surface. Since the
AFM measurements in Section 3.1.2 do not indicate the presence of grooves in the
PVA layer, but rather showed that the rubbing process introduces step edges of sev-
eral µm distance and heights of 0.4 nm to 0.8 nm. A comparison of the structures of
these step edges and the stripes that are visible in the polarization contrast images
of Figure 4.1 further indicate that these edges also represent the borders between
regions with differing order parameters. This coincides with reports that state that
the quality of the alignment of the polymer molecules in the surface layer can be
varied by changes in rubbing speed as well as variations in the applied pressure
between consecutive strokes [67, 68].
While reported self-diffusion coefficients of 5CB in the literature vary between D⊥ =
(2−3)·10−11 m2/s and D|| = (3 − 7)·10−11 m2/s [10,14], the calculated initial values
for the probes diffusion coefficients in untwisted cells, D|| = (8.4± 0.3) · 10−12 m2/s
and D⊥ = (4.4 ± 0.3) · 10−12 m2/s are still notably smaller than results from re-
cent NMR or FRS measurements, where the liquid crystal is aligned in an external
field [10,148].
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There are three possible conditions that would explain these findings. The first is
the existence of a layer of higher viscosity in close vicinity to the surfaces of the
cells where the probe molecules are diffusing slower than in the bulk material. The
second explanation assumes that the apparently slow mobility is caused by adsorp-
tion events during the measurement. The third explanation for the slow mobility of
the tracer molecules finally considers an enhanced interaction strength between the
probe molecules and the host molecules, leading to an enhancement of the Stokes
drag on the probe molecules.
The mean mobility perpendicular to the director is measured to be
D⊥ = 4.4 · 10−12 m2/s. At an inverse frame rate of ∆tframe = 40ms, this leads
to a mean diffusion length between exposures of ∆z=0.6µm. This means that in
the thinner samples of this experiment, the probe molecules can move through the
whole cell gap in between exposures. If their mobility is not hindered, the measured
diffusion coefficient is an average over the whole gap.
The movement perpendicular to the cell walls can be hindered by the two mentioned
cases, adsorption events at the surfaces and layers of higher viscosity at the inter-
faces. A study of the literature leads to the view that the hydrodynamic boundary
conditions result in a layer of higher order at the polymer-LC interface. Since the
order throughout the liquid crystal cell is imposed by the anisotropic interaction
with the polymer layers at its interfaces, the existence of such layers of higher order
is generally accepted. While the reported thickness of the LC layers vary, recent
calculations by Govind et. al [149] suggest up to 100 nm of enhanced molecular or-
der at each surface. In comparison, layers of higher density at interfaces of isotropic
liquids have been found to exist only within few molecular layers from the inter-
face [150,151].
As mentioned in Section 3.4.1, adsorption events of the PDI molecules are observed
during the single molecule tracking experiments. These rigid particles are isolated
in the analysis of the data by separating their step size distribution from that of
the mobile particles in the fitting routine. If immobility occurs also for those par-
ticles that are considered as mobile, the fraction of time that each particles spends
immobile between exposures can be estimated by a comparison to the self-diffusion
coefficient in the bulk material. The mean diffusion length is:
σdiff =
√
2Dbulktfree =
√
2Dobs∆tframe (4.1)
If the slower Dobs is caused by spending a part of ∆tframe immobile, then
Dobs∆tframe = Dbulk(∆tframe − trigid) (4.2)
So that trigid can be calculated as:
trigid = (Dbulk −Dobs)∆tframe/Dbulk (4.3)
With Dbulk = 3 · 10−11 m2/s [10], Dobs = D⊥ = 4.4 · 10−12 m2/s and an inverse
frame rate of ∆tframe =40ms, the mean adsorption time between exposures must be
trigid =34.1ms.
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The overall slower motion of probe molecules can therefore be caused by an in-
creased probability to detect them at the slower, more ordered regions at the inter-
faces, where the diffusion may be slowed down even further by adsorption events.
In earlier single molecule tracking experiments in thin films of isotropic liquid [142],
the detection of slow diffusion was reasoned with the assumption that only probe
molecules in the slower regions at the interfaces were detected. In the present experi-
ments this would lead to a deviation of the measured orientation dependent diffusion
coefficient from the predicted form. In Section 2.2.3, the form of the angle dependent
diffusion coefficients is derived by an integration of the anisotropic diffusion, equally
over all layers in the twisted cell. The probability to find a particle is assumed to
be independent of its position relative to the walls. It is observed that the orien-
tation dependent diffusion coefficients in the experiments of this section follows the
thereby acquired form. Especially for higher twist angles φ, where a higher density
of particles at the surface layers would cause strong deviations from the predictions.
This is illustrated in Figure 4.6. The shape of the the angle dependent steps size
distribution is found to be in good conformation with the theoretical predictions.
It is also observed that the mean diffusion coefficient is independent of the cells
thickness up to d=1.7µm. The implication is that a potential layer of higher order
at the surfaces must be of negligible size in the analyzed cells. It also shows that
the cell gap is completely probed by the PDI molecules and that adsorption events
cannot be the cause for the overall slower mobility of the probe molecules.
The last scenario that will be discussed here considers the interaction of LC molecules
with the fluorescent tracer molecule PDI. The probe molecules show a different
molecular structure and slightly different size than the LC molecules. Similar to the
introduction of colloidal particles to the LC matrix, this may lead to local defor-
mations in the director structure and therefore an increase of the effective viscosity
around the probe particles. Indications for a strong interaction between the probe
molecules and the host are found in the literature on dye doped liquid crystal cells
that is introduced in Section 2.1.4. The use of optically excited dye molecules to
exert a torque on the host liquid crystal demonstrates the strength of the guest
host interaction [77, 78, 152]. Simplifying the diffusion of probe molecules to the
model of diffusing spherical particles, the particle radius can be calculated from the
measured Stokes drag. The effective viscosities for this movement are taken from
the literature [31, 34, 106]. The calculated radii, estimated from the measured dif-
fusion coefficients along the principle axis D|| and D⊥, according to D= kBT2piηa , are
presented in Table 4.1. The effective radius of the PDI molecule has also been ob-
tained with the chemical visualizing tool Marvin (Chemaxon). From an estimate of
the molecules Van der Waals volume, an effective radius of reff =5.0Å is calculated.
In comparison, the effective radius of 5CB is found to be reff =3.9Å. The results are
close to the calculated radius of the probe from the effective viscosities predicted by
Stark for the saturn ring configuration [31].
It can be concluded that the apparent slow diffusion of single PDI molecules in the
liquid crystal 5CB is the result of significant local director deformations, caused by
the presence of the PDI molecules.
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Figure 4.6: Illustration of the difference between a two layer model and the ho-
mogeneous integration for the projected mean square displacement. The projected
mean square displacements σ21 and σ22 describe the mobility of the probe molecules in
the layers at the cell walls in a cell with twist angle φ = pi/2. The initial anisotropy
for the diffusion is r = D||/D⊥ = 2. If the probe molecules only diffuse in these two
layers, or if only probe molecules in these layers can be detected in the experiment,
the measured mean square displacement σ2exp1 will resemble isotropic diffusion. If the
whole cell is probed equally and the molecular layers are twisted linearly through-
out the cell, the measured mean square displacement σ2exp2 is described by Equation
2.45.
Uniform Saturn Ring Planar Anchoring
Stark [31] r|| 6.9± 0.3 5.3± 0.2
r⊥ 6.6± 0.2 5.8± 0.4
Wuerger et. al [34] r|| 6.1± 0.5
r⊥ 6.9± 0.5
Poulin et. al [106] r||
r⊥ 8.4± 0.6 12.7± 0.9
Table 4.1: Radius of spherical probe particles in Å, calculated from the experi-
mental diffusion coefficients of PDI molecules and literature values for the effective
viscosity around immersed colloidal particles in 5CB at T=24oC. The effective vis-
cosities for different local director deformations are presented in Table 2.1.
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4.2 Temperature Dependence
The previous section addressed the changes of optical and dynamical parameters
in homogenous liquid crystal cells, where a certain twist was introduced in the
molecular structure. The measurements so far were carried out at room temperature
T=24 oC. In the following section, the temperature dependent mobility of tracer
molecules is addressed. The liquid crystal cells for this experiment are prepared
without a twist angle. The focus of the discussion is therefore on the temperature
dependent diffusion of the tracer molecules in comparison to the changes in the
molecular structure of the LC host. Diffusion measurements are performed while
the liquid crystal cell is heated from the nematic phase at room temperature to
its isotropic phase. The temperature dependent diffusion coefficients in 2 different
samples are presented, as well as the results on the temperature dependent structural
properties of one of the cells.
4.2.1 Results
The measured diffusion coefficients D|| and D⊥, parallel and perpendicular to the
director, are presented in Figure 4.7. The two sets of data are obtained from two
different sample cells. The full lines in the graph connect data points from sample
A and the dashed lines connect data points obtained from sample B. The geometric
mean mobility 〈D〉g is calculated as 〈D〉g =D1/3|| D2/3⊥ . The diffusion coefficients in the
nematic phase are obtained from the analysis of more than 30 000 detected steps per
measurement. The statistical error can therefore be approximated from the results
of Section 3.5 to be less than ∆Dstat =0.1 · 10−12 m2/s.
The overall error for the measured diffusion coefficients in the isotropic temperature
region is estimated to be higher than in the nematic region. In the nematic tem-
perature region, D|| and D⊥ are determined by a fit to the anisotropic probability
density as described in Equation 2.43. In the isotropic phase, Diso is determined as
the averaged diffusion coefficients over all directions. The error for Diso is therefore
considered in the form of the standard deviation of the orientation dependent diffu-
sion coefficients. The standard deviation is ∆Dana =(0.3 - 0.4)·10−12 m2/s.
While the differences between the measured diffusion coefficients in both samples at
room temperature and after the clearing point are well within the margins of error,
the results at the other temperatures are found to be scattered beyond the error
margins. In conclusion, this means that the actual error margin has to be higher
than estimated in earlier considerations. For this setup and the present configuration
of host and probe material, an additional systematical error is estimated from the
scattering of the data and determined to be as high as ∆Dsys =± 0.3 ·10−12 m2/s.
The principal diffusion coefficients at T=24 ◦C then are found to be
DA|| =(7.8± 0.6) ·10−12 m2/s, DA⊥=(4.5± 0.6) ·10−12 m2/s and
DB|| =(7.9± 0.6) ·10−12 m2/s, DB⊥=(4.9± 0.6) ·10−12 m2/s. The results at room tem-
perature are in good agreement with the results from Section 4.1. The temperature
dependence of the diffusion coefficients in the nematic phase can be described by an
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Figure 4.7: Temperature dependent single molecule mobility of PDI in 5CB. Re-
sults from two different samples are shown, the dashed line connects data points
from sample A, the solid lines connect data points from sample B.
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Figure 4.8: Polarization contrast images of a heterogeneous liquid crystal sample
being heated above its clearing temperature. The polarizers are crossed, emerging
dark areas are pockets of already melted, isotropic LC.
Arrhenius-type behavior.
D = D0 exp(−Ea/RT ) (4.4)
Here, R is the universal gas constant, T is the temperature, D0 is the maximum
diffusion coefficient for T→ ∞ and Ea is the activation energy of the diffusion
process. The activation energy Ea is found by a fit to the geometric mean diffusion
coefficient 〈D〉g. In the presented experiments, the activation energy is found to be
Ea =(33± 4) kJ/mol.
The melting process in these kinds of samples in general is heterogeneous. Figure
4.8 shows an example from a heterogeneous LC-sample. At first, the melting starts
at seemingly arbitrary positions in the sample. Spherical pockets of isotropic LC
emerge at different positions and grow to bigger, still circular ponds. After several
of these isotropic pockets merge, melting continues along disclinations and domain
boundaries. Homogeneous areas prevail the longest time, outlasting as droplets of
nematic phases at the end, contracting to circular islands and finally vanishing.
The progression of the melting process is reproducible. Since the samples usually
contain a certain degree of inhomogeneities, this behavior can produce a blurring
of results near the clearing point in experiments that use ensemble measurements.
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Figure 4.9: Temperature dependence of the optical and translational anisotropy
in 5CB. left: Development of the optical retardation β in sample B. The red curve
describes the development in a cell with a fixed thickness of d=330 nm, according
to the temperature dependence of the optical anisotropy ∆n, measured by Horn
[137]. right: Anisotropy of translational diffusion, calculated from the results of
the measurements presented in Figure 4.7. At Tc, the retardation becomes β=0,
and the anisotropy of the translational motion reaches r= 1. Both graphs are scaled
for direct comparison.
The clearing temperature Tc is found between 34 oC and 36 oC, in confirmation with
the clearing temperature for the bulk material, that is reported as Tc =35 oC [137].
With rising temperature, the kinetic energy of each LC molecule rises and trans-
lational motion as well as rotational motion increases. The higher rotational
movement results in a higher average tilt angle Θ of each of the molecules with
respect to the macroscopic director orientation. The order parameter S drops and
due to the decrease of molecular alignment, the optical anisotropy of the material
is reduced. In the polarization contrast measurements, this is visible in a decrease
of the optical retardation β, as displayed in the left graph of Figure 4.9. The data
points in the graph are the result of polarization contrast measurements of sample
A, in sample B, no polarization contrast data was recorded. In comparison to the
experimental data, the red curve resembles the development of the retardation that
is expected from the temperature dependence of the optical anisotropy ∆n that
was experimentally determined by Horn [137]. It is found that the experimentally
measured development of the optical retardation coincides best with the literature
values under the assumption of a constant cell thickness d=330 nm.
The anisotropy of the diffusion is presented in the right graph of Figure 4.9. The
graph for the optical retardation and the one for the anisotropy of the diffusion are
both scaled to include the isotropic values β(T>Tc) = 0, and r(T>Tc) = 1 for a
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better comparison.
4.2.2 Discussion
After the realization in the last section, that the probe molecules are diffusing slower
than expected, the temperature dependent development of the diffusion coefficients
is found to coincide with reports from NMR measurements. The measured activa-
tion energy of the probe molecules is found to be equal to that of the self diffusion
of the host molecules, as reported by Dvinskikh et al. [10]. The development of the
optical properties, measured in form of the optical retardation β is also found to
coincide with reports from the literature. While the order of the LC molecules de-
creases as expected towards the clearing point Tc, the development of the anisotropy
of the translational diffusion of the probe molecules follows the same trend.
The activation energy in general is not necessarily independent of the temperature.
Within the short temperature range that is accessible in the presented experiments it
can nonetheless be assumed to be constant [153] and can also be used to characterize
the diffusion data [104]. On the one hand is the calculation of the activation energy
widely used to describe and compare the temperature dependence of the mobility
in liquid crystals. On the other hand, given that liquid crystals are in general more
complicated than isotropic liquids due to the presence of anisotropic interactions
between the particles, a unified physical interpretation of the activation energy has
not been found to a complete satisfaction yet [154,155].
From the slope of the geometric mean of the diffusion coefficient 〈D〉g =(D1/3|| D2/3⊥ )
of both samples combined, the activation energy is determined to be
Ea =(33± 4) kJ/mol. The value coincides with findings by Dvinskikh et al., they
report the activation energy of 〈D〉g in 5CB to be EA =(32.8± 2.0)kJ/mol. Others
report values from EA =(60± 10) kJ/mol [156] down to EA =(28± 2) kJ/mol [10].
See Figure 3.6 for a selection of experimental data from the literature.
The slow absolute values of D|| and D⊥ have already been discussed in detail in the
previous section and have been connected to structural distortions around the probe
molecules. Each molecule apparently acts as the center of a topological defect in
the otherwise uniformly oriented liquid crystal molecules. The activation energy is
not altered by the interaction with the probe molecules.
This indicates that the locally induced defect structure is stable over the ob-
served temperature range. In the literature, the guest-host interaction between dye
molecules and the liquid crystal 5CB is reported to not alter the activation energy
of the rotational diffusion [157]. Also, in the model of immersed colloidal particles in
a nematic liquid crystal, the literature gives evidence that the smaller the particles
radius is, the smaller is the temperature dependence of its alignment layer [158]. In
a first approximation, the order at the surfaces of the colloids can also be viewed
to be constant in the isotropic phase close to the clearing temperature [159]. In the
temperature region well above the clearing point, a deviation from the activation
energy of the nematic region could be expected. A temperature dependence of the
strength of the guest host interaction should lead to a decrease of the effective radius
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of the probes in addition to the temperature dependent decrease of viscosity in the
host. A first indication that the temperature development in the isotropic phase
varies from that of the nematic phase are the measured low diffusion coefficients
Diso. Despite the higher errors in this temperature region, the data indicates that
they are closer to the extrapolated D⊥ than to the extrapolation of 〈D〉g.
A more detailed insight into the dynamics at the clearing temperature and in the
isotropic phase may be obtained in future studies.
Figure 4.9 illustrates the development of the optical anisotropy and the anisotropy
of the measured diffusion. It shows that the optical anisotropy β in sample B de-
velops as expected in comparison to literature values under the assumption that
the thickness in the analyzed cell is constant over the measured temperature range.
The anisotropy of the translational diffusion of the probe molecules is shown in the
right graph of Figure 4.9. The curves from both samples are located within each
others margin of error and on average show a close similarity to the development of
the optical retardation in the material. This further indicates that the translational
motion of the probe molecules is directly connected to the orientational ordering
of the host molecules. This has already been found for the self-diffusion of the LC
molecules [16, 47,138] where it is also expected by the theoretical models [42,43].
In conclusion, the results of this chapter are further proof that the proposed anal-
ysis of the anisotropic mobility of the probe molecules can be used to monitor
the structural properties of the liquid crystal host. The anisotropic mobility of
the probes then directly reflects the order in the surrounding LC matrix. Single
molecule tracking is therefore well suited for the analysis of structural properties in
LC compounds.
4.3 Spatial Resolution
This section addresses the spatial variation of structural and dynamical properties
in a single liquid crystal cell. A cell with a heterogeneous alignment structure is
chosen to demonstrate the capability of single molecule tracking to spatially resolve
different domains within a fixed sample area. In combination with polarization con-
trast measurements, single molecule tracking experiments are performed at several
temperatures, from room temperature T=23 oC up to T=34 oC, that is
T=Tc - 1K. The capabilities and limitations of the setup and the analysis algorithms
are discussed.
4.3.1 Results
In Figure 4.10, polarization contrast images of the analyzed sample area are depicted.
Shown are several images of the transmitted intensity in the sample region. The
top row shows images taken with both polarizers parallel to each other at α=0 o,
α=40 o, and α=100 o with respect to the x- axis of the laboratory frame. The lower
row shows images taken with crossed polarizers at the same positions of α. It can be
seen that the observed area is heterogeneous. Regions with different transmission
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5 µm
Figure 4.10: Selection of polarization contrast images of the 5CB sample area
at T=23 oC. Shown are transmission measurements at parallel (top row) and per-
pendicular (lower row) polarizer configuration. Images are taken at α= [0,40,100] o.
Spatially varying intensities indicate spatially varying structural properties. Three
different domains can be distinguished from these images, they will be defined as
illustrated in Figure 4.11.
indicate that the optical and structural properties change between different points of
the sample. From the images, three separated domains can be initially distinguished
that will be further addressed as areas A1, A2 and A3. The predetermined borders
of these regions are illustrated in Figure 4.11.
The heterogeneous structure is chosen on purpose to demonstrate two things. First
that liquid crystal cells contain these disclinations and can be composed of differ-
ent domains due to the manual production process. Those domains are usually not
recognized in measurements at macroscopic scales and can possibly lead to some of
the variations that are found between results of different experiments in the liter-
ature [138]. The second reason is to demonstrate the capability of the presented
combination of polarization contrast and single molecule diffusion experiments to
spatially resolve these domains on a µm scale, not only by their structural parame-
ters, but also by changes in their dynamical properties.
As first indicated by the spatially varying transmission that can be noticed in the
polarization contrast images of Figure 4.10, the three areas, A1, A2 and A3 can be
distinguished by their structural properties. The results from polarization contrast
measurements at T=23 oC are shown in Figure 4.12. Pictured are the the initial
director orientation ΨD, the optical retardation β and the twist angle φ. The pa-
rameters are the results from a fit of the transmittance to the theoretical equations
2.15. The fit is performed on the intensity curves of each pixel of the area, effectively
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Figure 4.11: Polarization contrast image of the 5CB sample area at T=23 oC.
Illustrated is the naming convention and the location of the predetermined domain
boundaries for the different areas within the region.
averaging the properties in squares of (144× 144) nm2 in each pixel. It can be seen
that the sample is not only heterogeneous, but also that the structure within each
of the predefined areas is not completely uniform.
The mean retardation values for the distinct areas are βA1(T=23oC)=0.99± 0.02,
βA2(T=23oC)=1.07± 0.04 and βA3(T=23oC)=1.01± 0.03. The errors are deter-
mined by the standard deviation of the parameter within each area. Again, the
optical retardation is directly connected to the optical anisotropy ∆n of the liquid
crystal and the thickness of the cell d. The observed variations of β can therefore
be either caused by structural inhomogeneities in the alignment of the liquid crystal
molecules, or by thickness variations in the cell.
The other parameters, ΨD and φ determine the orientation and shape of the
measurable anisotropic single molecule diffusion. The twist angle is found to be
φA1 = (14 ± 14) o, φA2 = (99 ± 22) o and φA3 = (61 ± 18) o. In combination
with the initial orientation of the director ΨD, the theoretical orientation of the
fast axis of the anisotropic diffusion can be calculated. The orientation of the fast
axis in each area is calculated from the results of the polarization contrast measure-
ments to be 〈(ΨD + φ/2)〉A1 = (16 ± 7) o, 〈(ΨD + φ/2)〉A2 = (64 ± 15) o and
〈(ΨD + φ/2)〉A3 = (−7 ± 6) o.
The dynamical properties in this heterogeneous sample are analyzed in two different
ways. The first one is to start by establishing the domain boundaries from the po-
larization contrast images, in this case approximated by the lines pictured in Figure
4.11. After that, each of the detected steps from the single molecule diffusion is
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Figure 4.12: Results from the polarization contrast measurement of a heteroge-
neous sample of 5CB at T=23 oC. For each pixel, a set of structural parameters
is determined. Depicted are the apparent twist angle φ, the optical retardation β
as well as the initial director orientation ΨD. Each pixel averages the properties in
squares of (144× 144) nm2.
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associated with one of the areas. The procedure is in general the same as the one
that is used to determine mobility parameters in experiments on homogeneous sam-
ples. The difference is that the location of a detected step determines its association
with one of the three step size distributions. From these subsets of data, the ori-
entation dependent diffusion coefficients are determined via the already in Section
3.4.1 established method. This is convenient, since the above presented structural
properties are also average values over the predetermined areas. The fast axes of the
anisotropic mobility of the tracer molecules are pointing along θA1max = (16.3± 0.2) o,
θA2max = (56.7 ± 0.5) o and θA3max = (−5.0 ± 0.2) o. These results are illustrated in
Figure 4.13 together with the measured angle dependent diffusion coefficients of the
probe molecules and the corresponding theoretical curves that are fitted to the data.
In comparison, the black arrows in each graph visualize the calculated orientations
of the mean values of 〈ΨD〉 and 〈(ΨD + φ)〉.
The twist in the molecular alignment alters the measured anisotropic diffusion in
the tracking experiment. The fastest and slowest detected diffusion coefficients
Dmax and Dmin at room temperature T=23 oC are graphed in Figure 4.14. The
lines in this graph illustrate the theoretical development of Dmin and Dmax that
is derived in Section 2.2.3. For the theoretical curves, initial diffusion coefficients
D|| = 7 · 10−12 m2/s and D⊥ = 4 · 10−12 m2/s are chosen. This means an ideal initial
diffusion anisotropy of r= 1.75. Despite the fact that the retardation in area 2 is on
average ∆β=0.07 higher, the diffusion coefficients of all three subregions coincide
with the theoretical values within their margins of error.
Just as in the experiments of Section 4.2, the sample is heated and the temperature
dependence of the order of the liquid crystal and the translational diffusion of the
probe molecules are monitored.
Figure 4.15 shows the development of the average retardation β in the three dis-
tinguished regions. The red line represents the theoretical development of β in a
cell with constant thickness of d=1.2µm. It shall be noted again that the results
are averaged over the inhomogeneities within each of the areas and that the error
margins are calculated as the standard deviation of the retardation within each area.
The optical retardation β decays with rising temperature, with a slope that is in
good agreement with the temperature dependent development measured by Horn
et. al [137].
While the optical retardation decays as expected with rising temperature, the ori-
entation of ΨD and the twist angle φ undergo only marginal fluctuations between
the measurements. Within each of the areas, the mean value of the direction of the
theoretical fast axis,
〈
θtheomax
〉
= ΨD + φ/2, varies less than ∆
〈
θtheomax
〉
= ± 3◦ over the
probed temperature range.
Results for the temperature dependent diffusion coefficients Dmax and Dmin are pre-
sented in Figure 4.16, in graph a). As described in Section 2.2.3, the measured
minimal and maximal diffusion coefficients Dmin and Dmax can be used to calculate
the initial diffusion coefficients in a sample without twist D|| and D⊥. The temper-
ature dependence of the calculated diffusion coefficients are presented in the Figure
4.16 in graph c). The corresponding anisotropies, r=Dmax/Dmin and r=D||/D⊥ are
shown in the graphs b) and d). From the geometric average 〈D〉g of all three areas
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Figure 4.13: Results from the analysis of the single molecule diffusion in the areas
A1, A2 and A3 at T=23 oC. The angle dependent mobility is determined from all
single molecular steps found in the areas defined in Figure 4.11. Values for the angle
dependent diffusion coefficients are displayed in [D]=m2/s.
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Figure 4.14: Experimental diffusion coefficients Dmax and Dmin along the fast and
slow axis at room temperature in the liquid crystal 5CB. Results are shown with
respect to the calculated twist in each domain. Solid lines are predictions from the
theory of Section 2.2.3.
combined, the activation energy is determined as EA =(37.0± 3.0) kJ/mol. This
coincides with the findings in Section 4.2.
Characterizing the sample by predetermining the areas A1, A2 and A3 first from
the polarization contrast images and then analyzing data found within the already
established borders separately was the first method discussed here. The second
method of determining the dynamics of the sample is by using the algorithm for
the spatially resolved analysis of anisotropic diffusion that is introduced in Section
3.4.2. It also involves the isolation of smaller subregions of the whole area, in this
case squares of (10× 10) pixel2. Then the same procedure is used to separate and
analyze all single molecule steps that are found in these areas. The results of the
analysis are then associated to a single point with its coordinates being in the cen-
ter of the square. Moving these boxes in steps of single pixel over the whole region
constructs a map of the dynamical properties of the probe molecules, averaged only
in subregions of (1.44×1.44)µm2 per point, in steps of 144 nm. Each of the boxes
covers an area 400 times smaller than the full (200× 200) pixel2 region that is used
in the analysis of the samples in the earlier sections. That means that the available
number of data points for the analysis is also two orders of magnitude smaller. For
this reason, the statistical errors of the results are notably higher and are of main
concern for a discussion in this section.
The number of detected data points per box is illustrated in the graph on the left
side of Figure 4.17. The graph shows the results for the measurement at room tem-
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Figure 4.15: Development of the optical retardation in the three different domains
of the 5CB sample cell. Results are the averaged values over the predetermined areas
pictured in Figure 4.11. The red line is calculated from the temperature dependence
of the optical anisotropy ∆n that is reported by Horn et al. [137]. For the calculation,
a homogeneous thickness of the cell of d=1.2µm is assumed.
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Figure 4.16: a) Measured maximal and minimal diffusion coefficients Dmax and
Dmin. The results are averaged over the predetermined areas that are depicted in Fig-
ure 4.11. b) The corresponding anisotropy r=Dmax/Dmin. c) Diffusion coefficients
D|| and D⊥, determined from the experimentally accessible diffusion coefficients Dmax
and Dmin using Equation 2.47. d) The corresponding anisotropy r=D||/D⊥. The
clearing temperature is at Tc =35 oC.
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Figure 4.17: Spatially resolved single molecule tracking of PDI probe molecules
in 5CB. left: Number of detected steps n per box of (1.44×1.44)µm2 in comparison
to the right: detected anisotropy of single probe molecule diffusion r=Dmax/Dmin
in each box.
perature T=23 oC. The numbers range from n=300 steps per box in the center
regions, down to less than n=10 at the edges of the area. The mean number per
box is n=110 with a standard deviation of ∆n=70.
The angle dependent mobility D(θ) is determined for each of the subsets of n data
points. In contrast to the analysis in the previous sections or the analysis of the step
size distributions within the predetermined boundaries, the width of the step size
distributions in every direction is not determined by a fit with a double Gaussian
distribution. For the fitting procedure, the step size distributions in each box do not
contain a sufficient amount of data points. Instead, the width of the distributions
is determined from their standard deviation. The detected rigid particles in the
boxes therefore contribute to the determination of the diffusion coefficients. This in
general underestimates the diffusion coefficients, but suppresses the otherwise very
strong fluctuations of the results caused by errors from the fitting routine.
The statistical errors can be determined from the number of available steps per box
as ∆r/r(n=10)=1.5, ∆r/r(n=110)=0.2 and ∆r/r(n=300)=0.13 for the anisotropy
and ∆D/D(n=10)=0.4, ∆D/D(n=110)=0.2 and ∆D/D(n=300)=0.13 for the dif-
fusion coefficients. At room temperature, the statistical errors for the determination
of the orientation of the fast axis are ∆θmax(n=10)=32 ◦, ∆θmax(n=110)=11 ◦ and
∆θmax(n=300)=6 ◦.
The anisotropy of the measured mobility r=Dmax/Dmin is presented in the right
graph of Figure 4.17. It can be seen that the statistically caused variations blur
the underlaying differences between the domains. This is not only the case for the
anisotropy of the diffusion coefficients, but also for Dmin and Dmax themselves. Im-
ages of the spatially resolved measured fastest and slowest diffusion coefficients can
be found in Appendix A.
It is suggested in Section 3.5 that in experiments with lower numbers of available
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Figure 4.18: Fast axis orientation of the anisotropic single molecule diffusion of
PDI probe molecules in a 5CB sample. On the left, calculated from the struc-
tural properties of the molecular orientation of the 5CB molecules as result of the
polarization contrast measurements θtheomax = ΨD + φ/2 and on the right the experi-
mentally determined fast axis orientation θmax from the spatially resolved analysis of
the anisotropic single molecular motion of PDI probe molecules in the same region
of the sample.
data points, the most accurate parameter to distinguish liquid crystal domains is
the orientation of the apparent fast axis of the anisotropic diffusion. In the present
setup, with the presented method, a minimal error of ∆Dloc =± 0.2 · 10−12 m2/s is
systematically caused, even with infinite measurement time and ideal sample con-
ditions. In comparison to the theoretical curve in Figure 4.14, that means an area
with zero twist angle can only be distinguished from another area by their measured
fastest and slowest diffusion coefficients if the other area has at least a twist angle of
φ=77 ◦. In comparison, the error for determining a change in the fast axis θmax in
the presented experiments gets as low as ∆θmax = ± 6 ◦. The graph on the left side
of Figure 4.18 shows the theoretical orientation of the fast axis θtheomax = ΨD + φ/2,
calculated from the results of the polarization contrast measurements. The graph
on the right side, in comparison, shows the experimental results from the analysis of
the single molecule diffusion in this area. It can be seen that not only the previously
defined subregions A1-A3 can be clearly distinguished through the spatial distribu-
tion of θmax, but also that these results are in agreement with the theoretical fast
axis orientation θtheomax that is calculated from the results of the polarization contrast
measurements.
Earlier, the subregions have been chosen from the analysis of the polarization con-
trast measurements. With the spatial resolved probe diffusion, one can now distin-
guish the different domains only by their dynamical properties. At room temper-
ature, two boarders can be defined, parting the region into 3 areas, Area 1 with
values of θA1max = (18 ± 22) o, Area 2 with θA2max = (70 ± 30) o and a third area
with θA3max = (−3 ± 25) o. The borders can be conveniently found at the same
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positions than the predefined borders from the polarization contrast images. The
distribution of θmax within the areas is shown on the right side of Figure 4.19. Also
shown in Figure 4.19 is the development of the spatial distribution of θmax with
rising temperature. The noise in the images rises and the borders of the domains,
that are clearly visible at room temperature, become less distinct. This is visible in
the histograms as well, they also become rougher, broader and deviate more from
ideal normal distributions.
4.3.2 Discussion
The experiments in earlier sections already demonstrated that the proposed method
for the analysis of single molecule trajectories is capable of reflecting the struc-
tural properties of liquid crystal cells. The samples in earlier experiments contained
only one domain with tailored structural properties and the diffusion of the probe
molecules could be directly correlated to the molecular structure of the host. The
present section additionally proves that the presented method can also be used to
spatially resolve these properties within a single, heterogeneous sample. The exper-
iments provide a test for the capabilities and limitations of the method to spatially
resolve the structural heterogeneities.
The comparison of the mean values of the optical retardation β showed variations
between Area 1 and Area 2 of ∆β1−2 =0.06 and between Area 1 and Area 3 of
∆β1−3 =0.02. With the assumption that the optical anisotropy of the cell is homo-
geneous with ∆n=0.18 at room temperature T=23 oC, these differences can be the
result of variations in the samples thickness of ∆d1−2 =89nm and ∆d1−3 =30nm.
This exceeds the thickness of the polymer layer that is determined to be 10 nm thick
on each cell wall in Section 3.1.2. If a homogeneous cell thickness d is assumed, the
variation of the optical retardation β can also be related to changes in the molecular
order, affecting the optical anisotropy ∆n of the cell. With the thickness constant
at d=1.2µm, determined from the temperature dependence of β, the variations
can be explained by changes of ∆n1−2 =0.01, and ∆n1−2 =0.003. The order param-
eter in the separate areas in this case are SA1 =0.52± 0.01, SA2 =0.56± 0.02 and
SA3 =0.53± 0.02. That means that the average angle Θ at which the molecules are
tilted against the director only differs by roughly one degree, ΘA1 =(47.1± 0.1)◦,
ΘA2 =(45± 1)◦ and ΘA3 =(46.5± 0.7)◦. Nonetheless, the differences in the molecu-
lar order between the domains in this sample do not exceed the inhomogeneities that
are detected in the experiments in Section 4.1. Variations in the optical retardation
between different points of this sample can therefore also be explained with changing
interaction strength between the LC molecules and the PVA layers. Again, this can
be caused by differences in the quality of the alignment of the polymer chains in the
surface.
While a variation in the anisotropic interaction strength explains the variations of
the molecular alignment, the variations of the direction of the order parameter at
the cell walls must be caused by other structural properties of the surface polymer.
This is a good example for the influence of the surface on the molecular alignment
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Figure 4.19: Temperature dependence of the spatially resolved orientation of
the fast axis θmax of the anisotropic probe diffusion of single PDI molecules in a
heterogeneous 5CB sample. The thickness of the sample is determined to be 1.2µm.
Each point in the graphs on the left side represents the average result found in an
area of (1.44× 1.44)µm2. Histograms on the right side illustrate the distribution
of θmax within the predetermined domains A1, A2 and A3 that are defined from
polarization contrast measurements. The presented results illustrate the blurring of
the domain boundaries with rising temperature.
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in the whole cell gap. Variations in the surface properties change the orientation
and alignment of the LC molecules throughout the cells d=1.2µm thick gap. This
is visible in the differences of the structural properties between the domains as well
as in the structural inhomogeneities within each domain.
Figure 4.13 visualizes the director orientation on the first cell wall ΨD, as well as the
twist through the sample in the form of the orientation of the director on the second
cell wall ΨD + φ. Together with these structural parameters, the measured fast
axis θmax of the probe molecules anisotropic diffusion is shown. The three graphs
show these parameters for each predetermined area. The errors for the structural
parameters ΨD and ΨD + φ are visualized as grey cones. Within the error margins,
the measured fast axis θmax coincides with the theoretical prediction, pointing along
ΨD + φ/2. It can also be seen that with rising twist angle φ the anisotropy of the
observed mobility is reduced. This also coincides with the findings of Section 4.1.
Although the details of the origin of the different domains are not known, analyzing
each region within the predetermined borders shows that the dynamical properties
very well reflect the structural parameters obtained by polarization contrast mea-
surements.
This is also true for the temperature dependence of the optical retardation and the
probe diffusion in the predetermined areas. Both are found to coincide with the find-
ings of Section 4.2. The optical retardation follows the predicted form, calculated
from literature values. The activation energy of the probe mobility also supports
the results of Section 4.2 and coincides with findings in the literature.
The results of this section therefore show the capability of the presented method to
not only detect and distinguish structural heterogeneities in liquid crystal cells, the
analysis of the probe diffusion can also be implemented in the separate predeter-
mined regions. Even without the predetermined domain boundaries, single molecule
tracking is still a capable method to distinguish the different domains in this sam-
ple which is shown in the spatially resolved analysis of the single molecule tracking
data. Going one step further in the analysis of the available data means reducing
the analyzed area from the predetermined domains to boxes of (1.44× 1.44)µm2.
The first result with this method is a map of detected molecular steps for each po-
sition of this box, presented in Figure 4.17. As can be seen, the number of available
data points n is heterogeneously distributed over the region. The fluctuations in
the number of detected steps can have several reasons. The fact that less particles
are found in the boxes near the edges of the frame is a result of the intensity pro-
file of the laser beam that excites the probe molecules. Less excitation intensity at
the edges naturally depletes the number of excited molecules. Fluctuations within
regions of equal excitation closer to the center can for one be the result of statisti-
cal fluctuations. Another reason for a sudden alteration of detected molecules can
have physical reasons. Those can either be obstacles, like step edges in the surface
coating [160], or underlaying changes in the density of the host or the collision rate
of the probe molecules with the host material [161]. In the present experiment,
the pattern vanishes at higher temperatures which is a strong argument against the
presence of physical obstacles in the PVA coating. The density of detected steps
at higher temperatures can be found in Appendix B. The pattern of detected mean
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diffusion coefficients, just like the detected anisotropy r=Dmax/Dmin, shows also no
recognizable spatial structure. The measured diffusion coefficients therefore do not
support the assumption of underlaying changes in the dynamical properties of the
host as a cause for the heterogeneity of n.
The right graph in Figure 4.18 further shows the orientation of the measured fast
axis from the spatially resolved analysis. It demonstrates the advantage of the pre-
sented method, that individual domains can be accurately distinguished at room
temperature only by the dynamical properties of the mobility of the probes. This
of course in the limits of the systematical and statistical errors.
The results of the same analysis at higher temperatures are shown in Figure 4.19.
The histograms on the right side of Figure 4.19 can be used to determine the mean
properties of the anisotropic tracer diffusion in the separated domains. They also
can also be used to obtain more information about the domains. It can for example
be seen that θmax is not ideal normal distributed. This indicates the structural in-
homogeneities within the regions that are found in the polarization contrast images.
The broadening of the distributions with rising temperature on the one hand is
caused by the decline of the anisotropy of the diffusion and therefore a rising sys-
tematical difficulty to detect the fast axis. It is on the other hand caused by a
decline in available data points per measurement. The number of overall detected
steps declines from n=40000 at room temperature down to 23000 at T=34oC. This
again underlines that the correct representation of LC domains by probe molecule
diffusion is strongly dependent on either the availability of large numbers of data
points to reduce the statistical errors or on the presence of domains with structural
differences that are resolvable with the experimentally available number of data
points.
Future research has to address this problem and find new methods that utilize the
strong connection between molecular structure and molecular mobility in liquid crys-
tals to further improve the understanding of liquid crystal alignment and the guest
host interaction.
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Chapter 5
Summary
The goal of this thesis is to introduce single molecule tracking techniques to the anal-
ysis of liquid crystalline structure and dynamics. For this, a combination of experi-
mental techniques is chosen that enables the simultaneous analysis of the dynamics
of single probe molecules and the structure of the liquid crystal host material. For
the experimental part, a video wide-field microscope is developed and constructed.
The setup is optimized to detect single fluorescent molecules and simultaneously
conduct polarization contrast measurements on the sample. With the polarization
contrast technique the samples structural properties are monitored while the dy-
namics of the liquid crystal host is probed by single probe molecules of a fluorescent
Perylene Diimide dye. The analysis of the data is carried out with newly developed
methods and software. The angle dependent mobility of the tracer molecules has
been made locally accessible and comparable to the structural properties of the LC
cell. The local analysis of tracer trajectories distinctly limits the available number
of data points. To quantify the expected statistical errors, Monte Carlo simulations
are conducted that mimic the experimental data acquisition.
The liquid crystalline order in the sample cells is initiated by the surface properties
of the cells walls. Glass slides are coated with 10 nm thick PVA layers and rubbed
with a woolen tissue. The resulting surfaces showed only slightly increased sur-
face roughnesses in AFM images compared to untreated surfaces. The conclusion
is drawn that the rubbing leads to anisotropic alignment of the PVA molecules and
that the anisotropic interaction strength with the LC molecules introduces the order
in the LC cell.
Three different sets of experiments are presented. The first two concentrate on the
analysis of tailored structural properties. First, liquid crystal cells with varying twist
angles are analyzed at room temperature. The temperature is kept constant and the
structure is changed by varying the molecular twist and the thickness of the cells.
The second experimental section describes the results of temperature dependent
measurements in samples without a twist, from room temperature to temperatures
above the clearing temperature of the nematic cell. In these experiments, the focus
is on the temperature dependence of the probe molecules diffusion in homogeneous
cells without twist. In the third experimental section, results from the analysis of an
heterogeneous cell are reported. Different neighboring domains with varying struc-
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tural properties are probed. The cell is heated up from room temperature to a point
close to the clearing temperature.
The results from the measurements on Twisted Nematic Liquid Crystal cells in Sec-
tion 4.1 led to four main findings.
Firstly, experimental results on shape and orientation of the angle dependent diffu-
sion coefficients are in good agreement with the theoretical predictions. This shows
that the probe molecules therefore must diffuse freely through the cell and that the
molecular twist is linear throughout the cell gap.
The second finding is that the mean diffusion coefficient is independent of the cells
thickness, down to a size of d=300 nm. A liquid crystal layer of higher density at
the cell walls is predicted by theoretical and experimental studies in the literature.
Within the probed cells, an influence on the mean mobility by such a layer could not
be detected. Together with the finding that the molecular twist is linear between
the two cell walls, which leads to the conclusion that such a layer has to be small
enough to have no measurable influence in the prepared cells.
The third finding is that the measured diffusion coefficients of the probe molecules
are 5 times slower than expected from values found in the literature on the self-
diffusion of 5CB molecules. Since the interaction with the surfaces does not influence
the measured diffusivity and reference measurements ruled out an experimental bias
towards slower diffusion coefficients, the conclusion is drawn that the PDI molecules
introduce local distortions of the director field in their surrounding LC matrix. Sim-
ilar distortions have been reported around colloidal particles immersed in liquid
crystals [30]. The additional drag is introduced by the necessary deformation of the
local director, reorienting the host molecules around the probes. The initial assump-
tion of a distortion free probing of the liquid crystals properties therefore has to be
neglected in the system of 5CB, doped with PDI molecules.
Additionally, polarization contrast measurements in the TNLC cells show systemat-
ical spatial variations of the optical retardation within the sample cells. The conclu-
sion is drawn that the manual preparation process introduces heterogeneities in the
strength of the surface anchoring. Stretching and alignment of the PVA molecules
varies spatially. This results in a spatially varying quality of the LC alignment
throughout the cell gap.
In Section 4.2 the temperature dependent diffusion of probe molecules is analyzed.
Two homogeneous cells are heated and the diffusion coefficients of the PDI molecules
are measured. The structural properties of one of the samples is monitored during
the process. Results indicate that the temperature dependency of the order pa-
rameter, experimentally accessible through the optical anisotropy β, is identical to
the behavior found in the literature [137]. The anisotropy of the probe molecules
diffusion also decays as expected with rising temperature. Despite the overall slower
mobility of the probe molecules, the activation energy EA is found to coincide with
literature values from measurements in the bulk material [155]. This further in-
dicates that the LC’s molecular interaction is stable over the probed temperature
range. The result of the interaction of the probe molecules with the LC molecules
can therefore be viewed as a stable enhancement of the probes effective radius. It
is expected that the stability of this interaction decays at higher temperatures, but
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this is not observed in the probed temperature range.
In Section 4.3, an heterogeneous sample consisting of different domains is analyzed.
The domains are recognized through the polarization contrast measurement. The
local variation of the structural parameters of the liquid crystal indicate strong
changes in the polymer structure of the surface. The probe mobility, averaged over
the predetermined areas, matches the findings from previous sections.
The whole area with its different domains then is analyzed with a method that
spatially resolves the anisotropic probe diffusion, averaging only over single areas of
(1.44× 1.44)µm2. It is shown that in this sample, the domains can be differentiated
at this resolution by the orientation of the fast axis θmax of the anisotropic diffusion.
In turn, the results of the single molecule tracking experiments on their own can be
used to distinguish individual domains in the sample.
The results show that single molecule tracking in liquid crystals is a versatile tool
for the analysis of the molecular structure and the dynamical properties of the host
material. The method is especially useful in the discussion of structural hetero-
geneities and adds complementing information to the results of the polarization
contrast measurements.
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Chapter 6
Outlook
The discovery that the probe molecules induce local distortions in the director struc-
ture of the liquid crystal host is a central finding in of the presented experiments.
Together with the detected structural heterogeneities of the samples and the result-
ing irregular melting process, ideas for future experiments are derived. These aim
towards a more detailed understanding of the molecular structure and the dynamics
especially at interfaces and domain boundaries in liquid crystals.
Recently, the behavior of colloidal dispersions in liquid crystal cells has been the
center of rising interest in the liquid crystal community. In this field, the interaction
between the dispersed particles and with interfaces is approached theoretically and
experimentally. The presented setup, together with the new tools for the analysis of
single particle trajectories may be of great use in these fields of study. With a method
developed by Crocker et al. [162], two-point microrheology, colloidal interactions can
be directly analyzed to gain further insight into the influence of physical barriers
like step edges in the confining surfaces, domain boundaries or phase boundaries.
The method can be used to analyze liquid crystals with the help of the presented
set of tools of this work.
The method was introduced in 2000 to analyze the viscoelastic properties of het-
erogeneous soft matter. Since then it demonstrated its capabilities in directional
gels [163] as well as cells and other biological systems [162, 164, 165]. Two-point
microheology is a passive method of measuring the local rheology of soft materials.
Tracer particles are immersed into the material and tracked via video microscopy.
The motion of pairs of tracers will be statistically correlated. The tracer diffusion is
influenced by the underlaying Brownian motion of the material between them. Two-
point microrheology determines the rheological information from the amplitude of
the cross-correlated motion of the tracers. This correlation can depend on the posi-
tion of the particles, for example in heterogeneous materials such as biological tissue,
cells or polymers. In a liquid crystal, it should also be dependent on the relative
orientation of the local director, the chemical treatment of the particles as well as
the presence of variation in the local structure of the director.
With the presented setup and the methods for the analysis of single probe diffusion,
an angle dependent analysis of the colloidal interaction can be spatially resolved
in a liquid crystal cell. Two point microrheology, in combination with the ability
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to spatially resolve these interactions gives rise to a deeper understanding of the
flow around diffusing inclusions in liquid crystals and possibly the role of domain
boundaries and defect structures in LC cells.
Not only the direct interaction of colloids in a liquid crystal is of interest [105,166],
phenomena at interfaces of liquid crystals are also the subject of recent stud-
ies [26, 29]. These interfaces are either between air and LC, between a solid wall
and LC or between different phases, especially at the isotropic- nematic interface.
All of these scenarios can be analyzed with the presented setup.
The diffusion at solid interfaces for example can be easily approached by the in-
troduction of spacer elements that are big enough to present macroscopic obstacles
to the colloidal diffusion. The diffusion of probe molecules at rigid step edges in a
thin cell of isotropic liquid has already been approached by Schob et al. [160]. With
a similar approach the diffusion at an air interface could already be monitored in
one of the single molecule experiments during the work on this thesis. Image a) in
Figure 6.1 shows a polarization contrast image of the region. The dark area in the
lower left corner is caused by the inclusion of an air bubble in the cell. The air is
separated from the nematic liquid crystal by a well defined boundary. In this area,
single molecule diffusion has been analyzed by the method introduced in Section
3.4.2 to spatially resolve the anisotropic mobility. Image b) in Figure 6.1 displays
the mean value of the anisotropic mobility of the tracer molecules, averaged over all
angles. Image c) displays the fast axis of the anisotropic diffusion and d) presents
the direction of an apparent flow in the tracer diffusion. It seems that the fast axis
of measured single molecule diffusion is oriented parallel to the air interface. This
supports the findings of Schob et al., where the mobility parallel along an obstacle
increased and diffusion perpendicular nearly vanished. The apparent flow that is
detected near the air interface is unexpected it is pointed from the nematic liquid
crystal towards the edge. These results are presented here without further discus-
sion, as a stimulus for future research.
As already mentioned in Section 4.2, the melting in heterogeneous LC samples
is guided by the domain boundaries and the location of disclinations in the di-
rector structure. The melting precedes only in distinguished areas, while other
parts of the sample stay in order. This effect itself is already studied in the litera-
ture [35, 167–169]. Local melting in a liquid crystal sample can be achieved by the
introduction of gold nano particles into the material. The gold can be heated by
an excitation laser with their plasmon resonance frequency and can locally melt the
liquid crystal. Given a stable controlled temperature of the sample and constant
heating intensity, a distinct nematic - isotropic interface can be produced. This
environment can now be used to measure the mobility of tracer particles at this
interface. This again would be greatly benefit from the use of colloidal particles and
an angle dependent, spatially resolvable two- point microrheology.
Another use of the local heating with gold nano particles is the exploitation of de-
fects and their connection to changes in heat transport and melting heat. Figure
6.2 shows an example of the nematic liquid crystal 5CB that is locally heated by
an absorbing gold nano particle. A temperature profile is introduced around the
gold nano particle that decays inverse to the distance from the particle. Under ideal
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Figure 6.1: Spatially resolved single molecule tracking at an air - LC interface. A
cell of the nematic liquid crystal 5CB contains an inclusion of air, visible in a) as
dark region in the polarization contrast image. Image b) displays the mean diffusion
coefficient, image c) the orientation of the fast axis of the anisotropic probe mobility.
The fast axis is pointed perpendicular to the boundary. Image d) shows that an
apparent flow is measured in the nematic liquid crystal near the interface. The
measured apparent flow is directed towards the interface.
104 CHAPTER 6. OUTLOOK
Figure 6.2: Illustration of the melting process in a nematic liquid crystal around
an light absorbing gold nano particle. The liquid crystal contains disclinations and
heterogeneities in its structure. The melting therefore proceeds not homogeneously
but is distorted by the variations in the structural properties.
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conditions and sufficiently high temperatures, the liquid crystal melts in a circular
region around the particle. In the surface aligned cells, the circular shape is usually
not observed, as shown in Figure 6.2. This indicates local variations in the clearing
temperature Tc caused by fluctuations in the interaction strength with the polymer
surface.
Diffusion measurements in these systems could combine the analysis of domain
boundaries in the liquid crystal as wells as the observation of the dynamics at the
isotropic nematic interface.
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Figure 6.3: Spatial distribution of Dmax and Dmin, of the anisotropic diffusion of
PDI molecules in a heterogeneous sample of 5CB at room temperature T=23 ◦C.
The measured diffusion coefficients are not suitable as indicators for spatial hetero-
geneities in the structural properties of the liquid crystal host.
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Figure 6.4: Development of the spatial distribution of detected single molecule
steps in the heterogeneous sample with rising temperature. It can be seen that
the structure of the spatial variations is not constant in all measurements. This
indicates that they are not caused by underlying structural or dynamical changes in
the samples. It also can be seen that the overall number of detected steps decays
with rising temperature, resulting in higher statistical variations in the detected
dynamical properties in this region.
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